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1.1 Rc.Cl.ectance at Porous Battery Electrodes - - -- - - - . -- -- -- - - - - - ---- - - ---- -- -- -- - . 

The develcpl!~?nt of an optical refl;:c.talzce tcxhnique 

to monitor battery plate charyc c.oncIition has been described 

extensively, with the emph.asis on experimental problems being 

faced in the design of an optimal cievicc with maxi.-lnum 

resolution. 

Preliminary experiments carricd out with '~lant6" plates 

of the lead-acid system indicated the suitability of the 

reflectance method, being able to clearly resolve the cokar 

and associated reflectance changes occurring with charging and 

discharging of positive battery plates. 

Work is proceeding on adapting the reflectance methad 

for pastcd positives of tho lead-acid type as a model electrode 

to monitor the penetration of reaction front through a porous 

electrode as a function of current density, time, porosity, 

etc. 

1.2 Silver Oxide Electrode 

Surface area of silver peroxynitrate, Ag708 ' NOj, crystals 

2 was determined by B.E.T. method to .be 0.1 m /gm, which is one 

thousand times greater than the external surface area. Pre- 

viously, complete leaching to Ago product in just 1.5 hr at 

100'~ indicated some type of microporosity . 

2.1 Membrane Permeation 

Permeabilities of zincate ion through an acrylic-acid 

grafted and divinylbenzene cross-linked polyethylene membrane 



have been examined at temperatures of l.lOc, 17'~, 21.5'~ and 

27'~. The rotating per~nea tion system permitted calculation 

of the mass transfer coefficients in the liquid bound~uy 

layers adjacent to the membrane. The solution side contribu- 

tions to overall transport resistance amounted to a nori- 

negligible 10%. The thickizeos of wet, swollen membrane at 25'~ 

was found to be independent of the ZnO concentratio11 ( 0  to O,GIdP 

in 40% KOH. Swelling amounted to 80% at 2 5 ' ~ .  The mass transfvl- 

coefficient of the membrane was calculated from the measured 

overall permeation coefficient, the membrane thickness and thc 

mass transfer coefficients tlrrough the boundary layers. This 

2 -1 
virtual membrane zincate diffusivity was 1.3 x cm sec 

at 25'~ (about one-fortieth of the free liquid diffusivity) w5"t l l  

an activation energy of 6.6 Kcal per mo%. 

2.2 Capillary - Diffusivity . Model --- 
A diffusion model assuming one dimensional diffusion in 

a capillary and three dinensional diffusion outside the capillary 

was set up for an assumed no-stirring condition. The equations 

were solved on a computer by the explicit finite difference 

method. The diffusivity of an electrolyte can be determined 

from the amount of electrolyte remaining in a capillary. When 

this remaining amount is fitted to the result based on stirring 

at the capillary mouth, the diffusivity so computed is always 

less than the correct value. For 50% remaining in the capillary 

where no stirring occurs, the "stirred" equation yields a 

diffusivity which is 30% too small. 

Cii) 



2.3 Diffusivity Measurements - - 

The capill.ary method with stirring has been checked 

by measuri~lg the known integral diffusivity of 1N KC]. into 

pure water. Flow was controlled to avoid any hydrodynamic 
-b 

end-error. The diffusivity at 2 5 ' ~  '0.4'~ was 1.74 x 10 

cm2 sec-lr in fair agreement with the known value of 

-1 1.86 x crn2 sec . 



1. ~iectrode Studies -- - - - - - - . -- -. 

1.1 Porous Electrodes -- - - --. - 

1.1.1 Introduction -- A 

The optical lun~inance technique descril~ed in a previous 

report [l] has been improved and used for relative intensit] 

measurements of diffusely reflected light from lead ~lant.6 plates 

and pasted positives in a lead-acid test cell.. The C!if.Yu%e 

reflectance of posj tive plates is follo.c:ed during forming 

(charging) and discharging, where a siyllificant color charage 

occurs. Commercial universal oxide and expander (supplied 

by the National Lead Co.) is used for the pastin9 of the 

lead grids in the test cell. 

1.1.2 Reflectance Theory --- -.- --- 

1.1.2.1 Diffuse Reflectance: ...--- If a beam of light is allowed 

to fall on the smooth surface of a solid material, two limiting 

cases arise: it is either reflected "specularly" (i.e., as 

from a mirror) or it is reflected in a11 directions of the 

hemisphere uniformly. In the first case, the surface is an 

ideal reflecting (polished) surface, while in the second, it is 

an ideal matte (scattering) surface. These two ideal lirniti~g 

cases for a surface are never completely attained in practice, [2,4! 

Diffuse reflectance from matte surfapes assumes that the 

density of the reflected radiation (surface brightness) is 

directionally independent (isotropy). 'This involves the validity 



of t h e  Lambert Cosine Law. Two conceptions a r e  p o s s i b l e  for 

t h e  occur rence  o f  t h i s  i s o t r o p i c  angu la r  d i s t : r ibu t ion :  for 

p a r t i c l e  d i ame te r s  much g r e a t e r  t han  t h e  wavelength,  t h e  r h d i  ai 50i1 

i s  p a r t l y  r e f l e c t e d  by means of r e g u l a r  reflection a t  elamenkary 

m i r r o r s  i n c l i n e d  s t a t i s t i c a l l y  a t  a l l  p o s s i b l e  a n g l e s  t o  the  

macroscopic s u r f a c e .  I t  a l s o  p a r t l y  p e n e t r a t e s  i n t o  t h e  inside 

of  t h e  sample, where i.t then  undergoes numerous r e f l e c t i o n s ,  

r e f r a c t i o n s  and d i f f r a c t i o n s  a t  t h e  i r r e g u l a r l y  l o c a t e d  p a r t i c l e s ,  

f i n a l l y  emerging d i f f u s e l y  from t h e  s u r f a c e .  For p a r t i c l e  d i ame te r s  

o f  t h e  o r d e r  of t h e  wavelength,  s c a t t e r i n g  occu r s .  T h i s  scattered 

r a d i a t i o n  i s  a n g u l a r l y  d i s t r i b u t e d  and i s  by no means isotropic, 

However, f o r  a s u f f i c i e n t l y  l a r g e  number and a s u f f i c i e n t l y  thick 

l a y e r  o f  c l o s e l y  packed p a r t i c l e s ,  an i s o t r o p i c  s c a t t e r i n g  

d i s t r i b u - t i o n  can s t i l l  be  a n t i c i p a t e d .  A t h e o r e t i c a l  exp lana t ion  

f o r  t h e  d i f f u s e  r e f l e c t i o n  h a s  n o t  y e t  been proposed.  [ 2 ]  The 

cho ice  of i l lumina- t ion  and viewing geometry i s  dependent on the 

t y p e  of sample being cons ide red .  [ 3 ]  Since  f o r  p r a c t i c a l  sur r faces  

r e g u l a r  r e f l e c t i o n  i s  superimposed on d i f f u s e  r e f l e c t a n c e ,  a 

d i s t o r t i o n  of t h e  d i f f u s e  r e f l e c t a n c e  spectrum r e s u l t s  which can 

be expe r imen ta l ly  e s t a b l i s h e d  us ing  a  goniophotometer.[21 

1 .1 .2 .2  Standard of  - Ref l ec t ance :  -- BY f a r ,  t h e  most important 

s t a n d a r d  r e f e r e n c e  m a t e r i a l  f o r  c o l o r  measurement i s  t h e  white 

s t a n d a r d  of r e f l e c t a n c e .  For convenience,  it i s  d e s i r a b l e  that the 

r e f l e c t a n c e  of  t h e  s t a n d a r d  be  bo th  g r e a t e r  t h a n  t h a t  of any 

subs t ance  t o  be  measured and s u b s t a n t i a l l y  independent  of wave 

l e n g t h  o v e r  t h e  e n t i r e  v i s i b l e  spectrum. [ 5 ]  

F r e s h l y  smoked MgO i s  recommended a s  a  s t a n d a r d  of  ref%ectance ,  



The difficulty of preparing this standard reproducibhy and its 

instability over time periods of even a few hours have led Lo t h c  

consideration of other materials as white working standards, 

The most widely available, reproducible and stable vhite 

reference material, adequately close in reflectance to freshly 

smoked MgO is pressed BaSO 
4 ' 

It becornes , hovcver , yellower and 

darker relatively slowly with time, while the rate of change 

decreases after about two days. [ 6 ]  

1.1.3 Reflectance Technique ----- -.- 

1.1.3.1 Introduction: Commercial instruments for the measurement ., 

reflectance and reflection are divided into two groups: filter 

and monochromator devices. They consist generally of the 

following components: (a) light source; ( h )  monochromator or 

filter system; (c) sample container or attachment devic:e; 

(d) light path or integrating component, such as a sphere or 

hemisphere; (e) detector, such as a photocell or photomuLtipLier 

tube; (£)visual or recording read-out device; and (g) reference or 

standard substance. [4] 

Two of the most common types of reflectance or reflection- 

measuring instruments are illustrated in Figure 1 (see 

Sec. 1.1.5.1 ) .  141 The commercially available reflectometers 

or spectral reflectometers were not directly suitable for a 

horizontal test cell arrangement. A simple device, based on the 

reflection type of arrangement, was chosen. A detailed 

description has been given in a previous report. [l] 

c3 1 



1.1.3.2 Light Detection: Detectors that might be considered for --. --7 

measuring the reflectance include thermopiles, photocells, 

photodiodes, photomultipliers and photovoltaic cells. 

Thermopiles can be excellent primary detecting devices, 

but are generally unsuitable for most laboratory and quality 

control types of service. Not only are they difficult to 

apply properly, but they are costly, lose their calibration when 

mishandled, and have an inadequate frequency response. [ 7 ]  

Photodiodes have good frequency capabilities, are reasonably 

priced, and are being used in pulse and high--frequency applications, 

However, for our purpose the low-frequency conditions are 

important and therefore frequency response is not a critical 

sensor parameter. Because the photodiode must be electroniea%ly 

biased, a well-regulated bias supply is required to insure 

consistent results. [7;  

Good sensitivity and frequency response plus a large detection 

area are some photomultiplier features. But multi-element phototubes 

are experisive, require high voltage supplies and, since output is 

a function of supply voltage, stability problems can arise. [73 

Photovoltaic cells, particularly the solar cel.1 variety, have 

a large active area, good long-term stability,and good spectral 

matching, are easy to use and are inexpensive. The satisfactory 

frequency response,wikh the fact that power or bias supplies are 

not required, makes the solar cell most suitable for the diffuse 

reflection measurements. [ 7 ]  

The silicon cell might be used either as an energy converter 

or as an intensity measuring device. Loferski and Wysocki f8l 



showed t h a t  sha l lower  j u n c t i o n  dep ths  would improvc t h e  b l u e  

r e sponse  and Koltun and Golovner [ 9 ]  d e s c r i b e d  how a n t i r e f l e c t i v e  

c o a t i n g s  can  improve b l u e  response .  Both of t h e s e  techniques  c o u l d  

b e  used t o  improve t h e  s i l i c o n  c e l l  a s  a  photomet r ic  d e t e c t o r ,  

L i t t l e  i n fo rma t ion  i s  a v a i l a b l e  'on adap t ing  t h e  d e v i c e  t o  pE?c;to-- 

m e t r i c  measurements. The a b i l i t y  of  s i l i c o n  c e l l s  to produce 

e i t h e r  a l i n e a r  response  o r  a l o g a r i t h m i c  response  w i t 1 1  r e s p e c t  

t o  i n c i d e n t  l i g h t  l e v e l  was alreaciy well-known. W i t h e r e l l  and 

Faulhaber  [ l o ]  reviewed t h e  c h a r a c t e r i s t i c s  of t h e   silicon^ cell. 

most impor tan t  t o  photomet r ic  a p p l i c a t i o n s ,  i n c l u d i n g  

s p e c t r a l  response ,  l i n e a r i t y  and temperature s e n s i t i v i . t y ,  

and a d e s c r i p t i o n  of  t h e  s i l i c o n  c e l l  o p e r a t i o n .  

Although t h e  s i l i c o n  s o l a r  c e l l  was developed f o r  s o l a r  

energy conve r s ion ,  i t  has  c h a r a c t ~ r i s t i c s  which make it k ~ e l l  

s u i t e d  f o r  photometr ic  a p p l i c a t i o n s .  I t  responds t o  v i s i b l e  

r a d i a t i o n ,  can  be made i n  convenien t  shapes  and s i z e s ,  i s  s t a b l e ,  

e x h i b i t s  no f a t i g u e  o r  memory e f f e c t s  and,  i n  s h o r t - c i r c u i t  

o p e r a t i o n .  has  e x c e l l e n t  1 - i n e a r i t y .  Measurements on many solar 

c e l l s  show t h a t  t h e  c o n s i s t e n c y  of s p e c t r a l  response  i s  Par 

s u p e r i o r  t o  t h a t  of  phototubes .  

1 . 1 . 4  p r e l i m i n a r y  - ~ x p e r i - m e n t s  - -.-.. 
I n  a  new s e r i e s  of  exper iments ,  a  g l a s s  beaker  has  been 

employed a s  a  b a t t e r y  t e s t  c e l l  p laced  oh t o p  of t h e  d i s h  of 

t h e  r e f l e c t a n c e  dev ice  and surrounded by b l ack  paper .  The c e l l  

c o n t a i n s  a  p e r f o r a t e d  l e a d  f o i l  charged w i t h  ~ b 0 ~  powder, and a 



l e ad  coul2 te r - -eJ_ec t rod  sey~araCed by  a  PVC 2:j.n~ i.n a  2 0 %  11 SO 
2 4 

s o l u t i o n .  

During d i scha rqo ,  t h n  Pb02 should be conver ted  i n t o  

PbS04, whi l e  a  c o l o r  change mirjht take  p l a c e  from reflective 

b lack  t o  d u l l  brown. 1 ] IEo'i~evCr, no collversiorl of PbO tooi; 2 

p l a c e ,  due t o  n o n - e l e c t r i c a l  c o n t a c t  between t h e  a c t i v e  n ~ r k e e i - a l  

t h e  p e r c o l a t e d  l e a d  f o i l .  The l a t t e r  should f u n c t i o n  as a 

suppor t ing  g r i d  f o r  t h e  a c t i v e  mater ia l . .  A f t e r  t h e  f a i l u r e  of 

t h e  f i r s t  a t t empt  i n  making a  porous electrode f o r  t h e  t e s t i n n  

of  t h e  r e f l e c t a n c e  r e s o l u t i o n  of  t h e  employed o p t i c a l  d e v i c e ,  

it was obvious  t h a t  a  b e t t e r  approach would be  t o  t r y  t o  detect 

cl la~lges  i r r  t h e  r e f l e c t a n c e  of  a s i n g l e  l e a d  f o i  1 p l a t e  ( ~ l a n t c  

p l a t e )  du r ing  format ion  ( cha rg ing )  and d i s c h a r g i n g .  

1 . 1 . 4 . 1  plant.& Experiments ( I ) :  The same arrangement and test cell ---.- -- .-- - -__- 

has  been used i n  t h e  format ion  of  t h e  t h i n  " ~ l a n t d "  p l a t e .  30 

s t anda rd  o f  r e f l e c t a n c e  has  been used because on ly  t h e  change 

of  t h e  r e f l e c t a n c e  was t e s t e d .  F i r s t  a  charg ing  and d i scha rg ing  
2 

had been c a r r i e d  o u t  a t  1 rr,A/cm i n  1 .22 s p . g r ,  s u l p h u r i c  acid, 

The change f o r  t h e  second charg ing  c y c l e  was about  11%- The 

c o l o r  change w a s  d i s t i n c t ,  going from w h i t i s h  g rey  t o  dull brown, 

1.1 .4 .2  Pas t ed  P l a t e  Experiments ( I ) :  A f t e r  t h e  s u c c e s s f u l  expari- --- - - -- 
ments w i th  a  t h i n  l e a d  plant: p l a t e  a s  p o s i t i v e ,  an  a t t empt  was 

made t o  manufacture a  p a s t e d  p o s i t i v e  a s  a  porous model e l e c t r o d e ,  

A lead-antimony g r i d  ( t h i c k n e s s  1 . 5  mrn) w i t h  8% antimony 

has  been pas t ed  w i t h  a c t i v e  m a t e r i a l  o f  p o s i t i v e  p l a t e s  of a n  

a l r e a d y  used b a t t e r y .  A f t e r  p a s t i n g ,  t h e  p l a t e  was d r i e d  



f o r  60  hours  a ' ~  room tcmycra ture .  Thc coun tc r  e l c c l  r o d e  

c o n s i s t e d  on ly  of g r i d  ~ t ~ ~ : t c r i a l .  The p1ai;c.s i n  h o r i ~ o n t a l  

p o s i t i o n  w e r e  s e p a r a t e d  b y  a  t h i n  PVC r i n g  separation and 13rc~rsed 

t o  t h e  bottom of  t h e  t e s t  cell.. Charging and d i schn rg ing  had 

been perforrrled, b u t  t h e  r e f l e c t a n c e  d i d  no t  change. Vi sxaa2 

o b s e r v a t i o n  d i d  conf i rm the f a c t  t h a t  on ly  tile g r i d  of t h e  

p a s t e d  p l a t e  had been a c t i v e ,  wh i l e  a c t i v e  m a t e r i a l  remained 

unchanged. 

1.1.4.3 Pas t cd  P l a t e  Preparat - ion:  I n  o r d e r  t o  produce .-.-- .-- - ----- - 

a p o s i t i v e  which r ep re sen ted  a c t u a l  b a t t e r y  p l a t e  hellavj-or, 

a p a s t i n g  and forming method was dev ised  fo l lowing  a 

recorwmcnded procedure  i n  b a t t e r y  manufacture.  [ 1 2 ]  

1.1 .4 .3 .1  -.- Grid M a t e r i a l :  - The g r i d s  s e r v e  a s  suppor t  f o r  t h e  

a c t i v e  m a t e r i a l  of  t h e  p l a t e s  and conduct t h e  e l e c t r i c  c u r r e n t ,  

The g r i d s  a l s o  have an impor tan t  f u n c t i o n  i n  ma in t a in ing  a 

uniform c u r r e n t  d i s t r i b u t i o n  throughout  t h e  mass of  a c t i v e  
1131 

m a t e r i a l .  The c i r c u l a r  o r  square  g r i d s  used i n  t h e  t e s t  c e l l  

have been c u t  o u t  from a r e a l  lead-antimony b a t t e r y  g r i d  

(12 x 14 .3  cm) w i t h  s t r a i g h t  c r o s s  b a r s  a c r o s s  t h e  p l a t e ,  and a re  

des igned  t o  l ock  t h e  a c t i v e  m a t e r i a l  i n  p l a c e .  

Using a  hydrau l i c  p r e s s , t h e  t h i c k n e s s  ( i n i t i a l l y  1 . 8  mm) 

i s  reduced t o  about  0 . 5  mm i n  some cases. Before  p a s t i n g ,  Lead 

s t r i p s  as  e l e c t r i c a l  connec to r s  have been s o l d e r e d  t o  t h e  grid 

and coa t ed  a f t e r w a r d s  w i t h  a c i d - - r e s i s t a n t  b lack  wax. 



1.1.4 .3 .2  P a s t i n g  P roces s ;  Un ive r sa l  ox ide  of  t h e  Nat iona l  L e a d  --- ---- 

Co.  has  been used a s  p a s t e  mix tu re  f o r  t h e  p o s i t i v e  p l a t e . ,  

Expanders (Nat iona l  Lead Co.) a r e  added i n  sma l l  amounts (ca. 2%) 

t o  t h e ' p a s t e  f o r  making n e g a t i v e  p l a t e s .  1121  These a r e  

subs t ances  such a s  lampblack, barium s u l f a t e  (commonly c a l l e d  

b l anc  f i x e )  and wood f l o u r  and o rgan ic  e x t r a c t s  of seood, [1_3] 

During p r e p a r a t i o n  of  t h e  p a s t e  w i t h  d i l u t e  s u l f u r i c  acid, 

r e a c t i o n s  occur  t h a t  r e s u l t  i n  t h e  format ion  of b a s i c  l e a d  

s u l f a t e  and t h e  l i b e r a t i o n  of considerab1.e h e a t .  The tempera ture  

of  t h e  rrlixture r i s e s  t o  a  maximum, S O  t h a t  coo l ing  must be 1)1-ovided to 

avoid premature s o l i d i f i c a t i o n  b e f o r e  t h e  p a s t e  can be a p p l i e d  

t o  t h e  g r i d .  T h e  l e a d  s u l f a t e  i s  t h e  cen~ent ing  m a t e r i a l  which 

makes a f i r m  p l a t e .  Many v a r i a t i o n s  i n  t h e  c o n d i t i o n s  of 

p repa r ing  and apply in9  t h e  p a s t e  a r e  p o s s i b l e .  Dev ia t ions  i n  t h e  

p h y s i c a l  and chemical  c h a r a c t e r i s t i c s  of t h e  o x i d e s ,  t h e  

percen tage  t r u e  r e d  l e a d  which i.s p r e s e n t ,  t h e  tempera ture  and 

s t r e n g t h  of  t h e  a c i d  so l -u t ion ,  t h e  t ime  of mixing,  t h e  t r ea tmen t  

of  t h e  p l a t e  du r ing  and a f t e r  t h e  p a s t i n g  p roces s ,  and even the 

atmospheric humidity a r e  among t h e  c o n d i t i o n s  t h a t  a f f e c t  t h e  

f i n i s h e d  produc t .  [ 1 3 ]  

The u s u a l  procedure  i s  t o  add a  c o n s i d e r a b l e  p o r t i o n  of 

wate r  t o  t h e  ox ides  b e f o r e  adding a  somewhat s t r o n g e r  s o l u t i o n  

of a c i d .  The a c i d  must be added s lowly wh i l e  mixing i s  continued 

under f o r c e d  a i r  coo l ing .  A f i n a l  port . ion of wate r  i s  then  added 

a s  r e q u i r e d  t o  b r i n g  t h e  p a s t e  t o  t h e  proper  c o n s i s t e n c y ,  El. 2 , l  33 



For t h e  p r e p a r a t i o n  of t h e  pas ted  roodel c l c c t r o d e s ,  1.2 grams 

of u n i v e r s a l  ox ide  were v~eiglled o u t .  Before  t h e  a d d i t i o n  

of I-12S04, 1.1 cm3 water  was mixcd w i t h  the ox ide .  I'hcn, 

1.1 c m 3  s u l f u r i c  a c i d  ( 1 . 4 0  s p . g r .  ) was added i-n drops under 

cont inuous  fo rced  a i r  coo l ing .  A f t e r  t h e  a d d i t i o n  of ahout 

3  
0 . 5  cm w a t e r ,  t h e  mixing was completed i n  211 minutes .  [ 1 2 1  

The p a s t e  was spread  upon t h e  g r i d s  w i t h  a  spa tu . la .  Paper 

used t o  cover  t h e  p l a t e  a f t e r  p a s t i n g  tool.: up some of  t h e  

mo i s tu re .  112,131 A s  recommended by t h e  manufac ture r ,  [12] 

t h e  complete d ry ing  of t h e  p l a t e s  I x f u r e  format ion  bras 

accon~pl i shed  a t  o r d i n a r y  tcmpcra tures  ancl h u m i d i t i e s  i n  

4 8  hours .  

1 . 1 . 4 . 4  Formation of Pas t ed  Pl.atek:: Formation,  as a p p l i e d  t o  t h ~  - ----- --" * .---- 

plan t ;  p l a t e s ,  means t h e  c r e e t i o n  of  a  l a y e r  of spollcje lead 

on t h e  s u r f a c e  of  t h e  n e y a t i v e  p l a t e s  and of l e a d  poroxtdp 

on t h e  p o s i t i v e s  t o  c o n s t i t u t e  t h e  a c t i v e  m a t e r i a l s  of t b c  cell, 

~ o r m a t i o k  of pas t ed  p l a t e s ,  on t h e  o t h e r  hand, means t h e  

o x i d a t i o n  o r  r e d u c t i o n  of t h e  l e a d  ox ides  and o t h e r  m a t c r i a l r  

which have been a p p l i e d  t o  t h e  g r i d s .  [13] 

The s t r e n g t h  and amount of  s u l f u r i c  a c i d  used w i l l  depend 

upon t h e  prev ious  t r e a t m e n t  o f  t h c  p l a t e s .  Usua l ly ,  it i s  w i t h i x i  

t h e  range 1 .05  t o  1 .15  s p . g r .  [13] 

Formation undoubtedly s t a r t s  i-n t h e  r eg ion  where t h e  p o c r l y  

conduct ing p a s t e  i s  i n  c o n t a c t  w i th  t h e  b e t t e r  conduct ing grid 

b a r s .  Completion o f  fo rmat ion  i s  i n d i c a t e d  by (1) t h e  co lo r  s f  



t h e  a c  t . ive m ~ i l c r i a l s ,  j .e., the p l a t c s  hnvc " c l c a r  c d "  ancl ax e 

uniform i n  c o l o r ,  and ( 2 )  tllc f a c t  th i : t  tll? p l a t c s  a re  gnu; i r k ( :  

norrnc~lly.  [13] 

The proper  c h a r g i ~ ~ g  c u r ~ - e l l t  w i l l  dcl,erid on t h e  t h i c ] : r l ~ c  :j 

and t y p e  of  p l a t e s  and on t h e  t e u ~ p e r a t u r c .  The c u r r e n t  is 

used more e f f e c t i v e l y  a t  lo~klcr rates, an(3 t h e s e  a r e  d c s i r n h l e  

f o r  t h i n  p l a t e s  For p l a t c s  i n  g e n e r a l ,  a  c u r r e n t  d e n s i t y  of 

2 t o  5  r n ~ ~ c r n ~  i s  redsonable .  T h e  a r e a  i s  reckoned as  t h e  

appa ren t  s u r f a c e  of hot11 s i d e s  of t h e  p l a t e .  1131 

A f t e r  fo rmat ion  i s  completcil, i t  i s  a d v i s a b l e  t o  pour o i ~ t  

t h e  e l e c t r o l y t e  and r e p l a c e  it w i t h  a c i d  of  a  s t r e n g t h  t h a t  b7i.11 

f i n i s h  a t  a  s p e c i f i c  g r a v i t y  of  1.260 t o  1.280 when t h e  battery 

i s  f u l l y  charged.  [13] 

A f t e r  d ry ing  f o r  s e v e r a l  days ,  t h e  pas t ed  p l a t e s  ( 0-50 riirn 

t h i c k ,  3 . 5  x 3.5 cm) werz e l e c t r o l y t i c z l l y  formed i n  5@ m1 

s u l f u r i c  a c i d  of 1.070 sp .g r .  The model e l e c t r o d e s  t h a t  a r e  t o  

become t h e  p o s i t i v e s  a r e  made t h e  anode i n  t h e  L e s t  c e l l  and 

t h e  p l a t e s  f o r  t h e  n e g a t i v e s  are made t h e  ca thode .  The t e s t  

c e l l s  were two-p la te  c e l l s ,  w i t h  exces s  n e g a t i v e  c a p a c i t y ,  The 

p l a t e s  and s e p a r a t o r  were a l lowed t o  absorb  e l e c t r o l y t e  before 

t h e  cha rg ing  began. 

The format ion was c a r r i e d  o u t  i n  d i f f e r e n t  s t e p s  w i t h  

a p p r o p r i a t e  c u r r e n t  d e n s i t i e s .  S t a r t i n g  w i t h  a  c u r r e n t  density of 

2 
4 rnA/cm i n  t h e  f i r s t  hour ,  t h e  format ion  w a s  con t inued  for 50 

2 
hours  a t  1 . 5  t o  2 rnA/cm . Most of t h e  t ime ,  when t h e  convers ion  

was 50% a t  t h e  back s i d e  of  t h e  model e l e c t r o d e ,  t h e  current 
2 

d e n s i t y  was reduced t o  1 rnA/cm o r  lower,  t h u s  avoid ing  exces s ive  



gass ing .  

1 . 1 . 4 . 5  AsscmLlincf T e s t  C e l l s :  The F i r s t  test c e l l  c o n f i q u r a  - - .-- - - . - - -. -. - - - . 

t i o n  f o r  pas.t-.ed mod.eJ. p)l.at.les war; a pyre:: bcc;lcer with circu.1 r i r  

p a s t ed  p l a t e s  ( 5  cnl diameter) s e p a r a t e d  h1;7 a PVC r i n g  a n d  

p ressed  togc:thcr a i ~ d  onLo t h e  bc)-t:tom of the horizo1~23al 

c e l l .  An irnprovemc~nt: of t h e  conf igu. ra t ion was necc!ssi;ry 

because t h e  r e a c t i o n  could n o t  be prevented a t  t h e  bsck side 

(bottom s i d e )  of t h e  porous modcl e l c c t r o d c .  

A r e c t a n g u l a r  t e s t  c e l l  w i t h  a  bottom p l a t e  macie  of elate - 
g l a s s  ( 2  mrn t h i c k ,  1 0  x 1 0  cm) and w a l l s  made 01 micro s L i d c s  

(1 irim t h i c k ,  1 x  3 i nch )  was s e a l e d  t o g e t h e r  t~.ii-11 z c i d -  

r e s i s t a n t  b l ack  wax. The t h i n  pas t ed  p o s i t i v e  p l a t e  ( 0 . 5  mii 

t h i c k ,  35 x 35 mm) had a l r e a d y  been t i g h t l y  s e a l e d  t o  t h e  

suppor t ing  p l a t e  ( s e e  Sec. 1 . 1 . 4 . 4 )  . Tlle pas t ed  n e g a t i v e  

p l a t e  i s  p l aced ,  w i th  t h e  rubber  s e p a r a t o r  m a t e r i a l ,  on tap of 

t h e  p o s i t i v e  model e l e c t r o d e .  R e f l e c t i o n  from t h e  p o s i t i v e  of 

t h e  two-pla te  sandwich c o n s t r u c t i o n  was monitored du r ing  t h e  

format ion  o f  t h e  p l a t e s  by a  Moseley c h a r t  r e c o r d e r  (model 680) 

connected t o  t h e  Ke i th l ey  e l e c t r o m e t e r  (model GlOC)  and a silicon 

p h o t o c e l l  (SlM--C) . During t h e  format ion  i n  1.070 s p .  g r ,  K P O  w i t h  
4" 

2 
a c u r r e n t  d e n s i t y  o f  1 . 6  rnA/cm reckoned a t  one s i d e ,  the back s i d e  

could n o t  be prevented from r e a c t i n g  s o  t h a t  t h e  model electrode, 

because of  g a s  e v o l u t i o n ,  came o f f  t h e  suppor t ing  g l a s s  p l a t e ,  

making t h e  r e f l e c t a n c e  measuring imposs ib le .  

I n  t h e  nex t  t e s t  c e l l ,  t h e  g r i d  was complete ly  s e a l e d  w i t h  

wax on t h e  suppor t ing  g l a s s  p l a t e  b e f o r e  p a s t i n g  had begun, The 

exces s  b l ack  wax had been removed by s c r a p i n g  o u t  t h e  spac ings  



of  t h e  g r i d  s o  t h e  p a s t e  could be  loaded i n t o  it. A pas t ed  

and cured p o s i t i v e  p l a t e ,  s e a l e d  on sv.pporting g l a s s ,  i s  shown 

i n  F igu re  2 ( s e e  Sec. 1 .1 .5 .1)  

from t h e  d e t e c t i o n  s i d e .  The edges  of  t h e  porous model 

e l e c t r o d e  were s e a l e d  a l l  around t o  t h e  g l a s s  p l a t e .  Only 

a c t i v e  m a t e r i a l  between t h e  g r i d  spac ings ,  c o n t a c t i n g  t h e  

g r i d ,  i s  supposed t o  r e a c t  inward from t h e  s o l u t i o n  s i d e  and 

from t h e  g r i d  throughout  t h e  porous e l e c t r o d e  towards t h e  

suppor t ing  g l a s s  p l a t e .  

V i sua l  o b s e r v a t i o n s  conf i rm t h i s  t ype  of behavior .  A f t e r  

2 
about  7 hours ,  a t  a  forming c u r r e n t  d e n s i t y  of 4 mli/cin t h e  

c o l o r  change has  t aken  p l a c e  a t  t h e  edges  of t h e  g r i d  spacj-rigs, 

1 . 1 . 4 . 6  Measuring - - Ref 1cctal:ce: For t h e s e  long-term experirneslts , 

two f a c t o r s  became c r i t i c a l ,  i . e . ,  t h e  s t a b i l i t y  of t h e  light 

i n t e n s i t y  and t h e  s t a b i l i t y  of t h e  l i g h t  d e t e c t o r .  

I n s t e a d  of  u s ing  a  s i n g l e  D-C power supply (Heqkh IP - 1 2  

b a t t e r y  e l i m i n a t o r )  f o r  t h e  h igh  i n t e n s i t y  microscope lam:), a 

6  v o l t  c a r  b a t t e r y  (Sea r s  t ype  28A) has  been employed i n  para i le l .  

wi th  t h e  power supply ,  t h u s  e l i m i n a t i n g  t h e  l i n e  f l u c t u a t i o n s ,  

The Ke i th l ey  high-impedance e l e c t r o m e t e r  i n  connec t ion  wit3 

t h e  s i l i c o n  p h o t o c e l l  showed s e r i o u s  f l u c t u a t i o n s .  Only by u s i n g  

a less s e n s i t i v e  s c a l e  could t h e  f l u c t u a t i o n s  be reduced.  Therefore, 

more s p e c u l a r  r e f l e c t i o n s  o f  t h e  g l a s s  p l a t e  were al lowed by 

changing t h e  ang le  between i l l u m i n a t i o n  and d e t e c t i o n  and increasing 

t h e  i l l u m i n a t e d  s u r f a c e  of t h e  model e l e c t r o d e .  T h i s  i s ,  af 



c o u r s e ,  a t  t h e  c o s t  of l e s s  r e s o l u t i o n  of char~gcs  i n  reflectance. 

I n  t h e  e a r l y  r e f  l e c t a n c c  experirncnts,  f  i - l t c r  paper 

bTas used a s  s t a n d a r d s  of  r e f l e c t a n c e .  1'11 a  p rev ious  r e p o r t  [I] , 

i t  was r e p o r t e d  t h a t  more t h a n  5 f i l i - c r  pape r s  \:ere r e q u i r e d  .c;o 

e l i m i n a t e  background i n t e r f e r e n c e .  These r e s u l t s  a r e  i n  agreernc:ill 

w i t h  d a t a  obtained. by  I n g l e ,  c t  a l .  11.41 The f i l t e r  paper 

exper iments  can a l s o  be used t o  check t h e  s u i t a l ~ i l i t y  of the 

r e f l e c t a n c e  dev ice  by measuring t h e  r e r l e c t a n c e  of t h e  t e s t  ~ 2 x 1  

r e l a t i v e  t o  Whatman #1 f i l t e r  paper .  [1.5] F igu re  3, ( s e e  Sec 1.1.. 5 .  lj 

which shows c e l l  r e f l e c t a n c e  a s  a  f u n c t i o n  of t h e  number of 

t h i c k n e s s e s  of f i l t x  paper  i n t roduced  i n t o  t h e  c e l l ,  conrirrcs 

t h e  f a c t  t h a t  5 l a y e r s  of  paper w e r e  required t.o e l i m i n a t e  

background i n t e r f e r e n c e .  T w  conf iyura i j -ons  a r e  used ,  incI ic2 t i l iq  

t h a t  r e s o l u t i o n  d e c r e a s e s  i f  ano the r  91-ass p l a t c  i s  in t roduced ,  

Barium s u l f a t e  p a s t e d  on suppor t ing  g l d s s  xrj-th t h e  s a r ~ c  

t h i c k n e s s  a s  t h e  t e s t  c e l l s  i s  used as  s t a n d a r d  of  r e f l e c t a n c e  
,' 

f o r  t h e  second s e r i e s  of  P l a n t e  exper iments .  

1 .1 .4 .7  p lan t ;  --.- Experiments ---- (11) : The d i f f e r e n c e  i n  r e f 1  ec t a n c e  

of t h e  d i scharged  and chargcd c o n d i t i o n  of t h e  P l a n t e  lead plate 

has  been i n v e s t i g a t e d  a s  a  f u n c t i o n  o<  t ime.  

I n  a  s e p a r a t e  c e l l ,  a c i r c u l a r  p l a n t &  p l a t e  was 

charged and d i scha rged .  Every 5 minutes ,  t h e  p l a t e  was t a k e n  

o u t  of  t h e  ce l l  and p l aced  i n  a  r e f l . e c t ance  c e l l  w i t h  a thin 

l a y e r  of  s u l f u r i c  a c i d .  The d i f f e r e n c e  i n  r e f l e c t a n c e  31et1oee:i tl!e 

r e f l e c t a n c e  c e l l  and a  starldard of  r e f l e c t a n c e  (Bas041 

deLected and measured wi th  a s i l i c o n  p h o t o c e l l  connected t o  a 



K e i t h l e y  high--irilpedance c l c c t r o m e t e r  and a llosc?ley clla:-t :.-c:cc,r-tiL~ - ,  

Thc? voltacje of t h e  l i g h t  source  was he ld  cons t an t  a t  6 . 0 0  V, 

Figure  4 ( s c c  S e c .  I . l .  5.1)  nhoris t h e  forming of a ~ l i l n i g  

p l a t e  in 1 . 0 7  ap .gr .  H Z S O q  du r ing  50 minutes  a t  a  c u r r e n t  
L 

d e n s i t y  of  1 mA/cm reckoned on onc s i d e  of t h e  l>la . te ,  f ~ l l o . i / ~ e d  

by ( a )  a 3 0  minute di:;chargc a t  0 . 5  m ~ / c r n ~  and (b) a  2 0  minut-e 
2 

d i s c h a r g e  a t  a  h ighe r  c u r r e n t  d e n s i t y  of  1 mA/cm . T h e  d i f f e r e n c e  

i n  r e f l e c t a n c e  was a  cllange of 6 %  between t h e  d i scharged  and 
2 

charged c o n d i t i o n s .  The longe r  t ime r e q u i r e d  a t  0 . 5  mA/em i lsdicates 

t h a t  r e f l e c t a n c e  t r u l y  moni tors  the electrode r e a c t i o n .  

1 .1 .4 .8  New --- - Ref l ec t ance  - Device: -- The r e s o l u t i o n  can be improved by 

exc lud ing  t h e  s p e c u l a r  r e f l e c t i o n  of  t h e  g l a s s  p l a t e s .  A new 

d e v i c e  of o p t i c a l  pyrex g l a s s  i s  i n  developnent  w i t h  t h e  

followi.ng f e a t u r e s  : 

e x c l u s i o n  of s p e c u l a r  r e f l e c t i o n  caused by t h e  

bottom g l a s s  by us ing  ma t t e  b l a c k  p a i n t  a t  t h e  

i l l u m i n a t i o n  s i d e ;  

(b )  exc lus ion  of s p e c u l a r  r e f l e c t i o n  caused by t h e  

suppor t ing  g l a s s  p l a t e  of  t h e  model e l e c t r o d e  by 

us ing  d i b u t y l  p h t h a l a t e  (same r e f r a c t i v e  index as  

pyrex g l a s s )  between t h e  two g l a s s  media; 

( c )  u se  of an o p e r a t i o n a l  a m p l i f i e r  w i th  a  " s h o r t - c i r c u i t "  

connec t ion ,  r e s u l t i n g  i n  a  l i n e a r  and s t a b l e  response 

from t h e  s i l i c o n  p h o t o c e l l ;  

(d )  change i n  i l l u m i n a t i o n  and viewing a n g l e  of  the o p t i c a l  

r e f l e c t a n c e  d e v i c e ,  being more a p p r o p r i a t e  f o r  t h e  

model e l e c t r o d e  t e x t u r e .  



1 . 1 . 5  Appendices 

1 . 1 . 5 . 1  F i g u r e s  

Sample or 
4- hlonochromatic 

standard light 

Highly reflecting coating 

Detector, 

Light source 

1 

Wavelength filter 

Sample or standard 

Fig .  1. Basic r e f l e c t a n c e -  o r  r e f l e c t i o n -  
measuring in s t rumen t s .  
(a )  I n t e g r a t i n g  sphere  t ype .  
(b) R e f l e c t i o n  type .  



Fig.  2.  A lead-acid t e s t  c e l l  w i th  a  pas ted  
and cured p o s i t i v e ,  sea led  on support ing 
g l a s s ,  viewed from t h e  d e t e c t i o n  s ide ,  
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Fig. 3. Reflectance as a function of the number of 
thicknesses of filterpaper introduced onto 
two arrangements (A:@ and B : S )  of the 
reflectance device. 
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1 .2  S i l v e r  Oxide E l e c t r o d e  

1 . 2 . 1  I n t r o d u c t i o n  

I n  a  p rev ious  r e p o r t  [ l ] ,  l e ach ing  exper iments  were 

desc r ibed  where a n o d i c a l l y  grown s i l v e r  p e r o x y n i t r a t e  crystals 

were conver ted  t o  Ago. The purpose of  t h i s  s tudy  was t o  

s y n t h e s i z e  c r y s t a l s . o f  Ago of  s u f f i c i e n t  s i z e  a s  t o  permi t  

f a b r i c a t i o n  of  a d e f i n e d  a r e a  e l ec t rode  f o r  f u r t h e r  s t u d i e s  

r e l a t e d  t o  b a t t e r y  behavior  (oxygen e v o l u t i o n ,  r e d u c t i o n  t o  

e t c . ) .  D i f f i c u l t i e s  expected i n  conventional-  c r y s t a l -  

growing methods and encountered i n  a  s o p h i s t i c a t e d  p r e s s u r i z e d -  

m e l t  approach have been c i t e d  by B u t l e r .  [2 ]  The 1eadi.ng step 

has  been determined [ 3 ]  a s  y i e l d i n g  a  p roduc t  whose X-ray 

d i f f r a c t i o n  p a t t e r n  c o n s i s t s  s o l e l y  of  Ago and t r a c e s  of  t h e  

s t a r t i n g  m a t e r i a l ,  Ag708 N O j .  [3] 

I n  o r d e r  t o  u t i l i z e  t h e  c r y s t a l s  of  A g o  produced by t h e  

l each ing  o p e r a t i o n ,  it i s  neces sa ry  t o  de te rmine  whether a 

t r u e  c r y s t a l  remains.  B.E.T. s u r f a c e  a r e a  measurements were 

t h u s  conducted on i n i t i a l  Ag708 NO3 and leached c r y s t a l s .  

A s  no ted  i n  a  p rev ious  r e p o r t  [ 4 ] ,  unusua l ly  low ove rvo l t age  

was noted f o r  oxygen e v o l u t i o n  on an Ago c r y s t a l .  An exchange 

c u r r e n t  d e n s i t y  ( f o r  a  4 e l e c t r o n  o x i d a t i o n  of wate r  t o  oxygen 

i n  a l k a l i n e  s o l u t i o n )  may be e s t ima ted  from a l i n e a r  f i t  s f  

t h e  s p a r s e  cu r r en t -ove rvo l t age  d a t a  n e a r  t h e  r e v e r s i b l e  

p o t e n t i a l .  The c a l c u l a t e d  v a l u e  of  1 . 2  x ~ c m - ~  i s  consider- 

a b l y  g r e a t e r  t han  t h e  range t o  ~ c m - ~  r e p o r t e d  i n  a 

r e c e n t  review. [5]  



1.2.2 B.E.T. Area Determination --- -7 .--- 

Silver peroxynitrate crystals were freshly grown and 

large individual crystals were selected to provide lots of 

1 gm each. The leaching was performed by i-rnrnersing replicate 

samples of the crystal-s in boiling distilled water for one 

hour and also for eight days in distilled water at room 

temperature. B.E.T. studies were made by Micromeritics 

Instrument Corp., Norcross, Geox-gia. Table I summarizes the 

results obtained. 

Table I 

B.E.T. Surface Area 
Treated Silver Peroxynitrate 

No. k: - Condition -- B . E . T .  method ---- Surface Area, rL /qm 

1 As growrr Krypton, 0.2.94 
outgas, 25'~ 
900 min. adsorption 

2 0.5 hr, 1 0 0 ~ ~ ;  I[ It  

rinse; 
0.,5"1rr, 100'~ 

3 1 hr, 100'~ ( I  It 0.539 

4 8 day, 25'~ I!  ll 0,487 

5 As grown Nitrogen, 1.38 
outgas, 100'~ 
40 min. adsorption 

For samples 1 to 4, unusually long (900 min. ) times were 

needed to equilibrate the surface with the B E . T .  gas. K r y p t o n  

was used principally because of the limi.ted sample size. 

1.2.3 Discussion - -- 
The as grown crystals \<ere typically needle shaped, 



1 crn long ,  w i t h  roughly square  c r o s s - s e c t i o n ,  .1 cm x . L  cm, 
-3 

From t h e  known d e n s i t y  of Ag708 NO3 01 about  6 gm c m  , thc 

surface-to-volume r a t i o  of  t h e  as-grown c r y s t a l  shoul-d be ve ry  

sma l l ,  on t h e  o r d e r  of 0.0007 mL/gm.  Larger  prismat.j.c e r y s t ~ ~ l s  

were a l s o  inc luded  i n  sample No. 1. Thus, t h e  most s u r p r i s i n g  

2 
a s p e c t  of  t h e  B.E.T. r t udy  i s  t h e  ve ry  l a r g e ,  0 . 1 4 4  m /gm, 

s u r f a c e  a r e a  found f o r  t h e  as-grown c r y s t a l .  Leaching i s  seen 

t o  i n c r e a s e  t h e  s u r f a c e  a r e a .  For  B . E . T .  samples ou tgassed  

2 
wi th  h e a t i n g  a t  ~ O O ' C ,  a  1 ; rge  charrge i n  area ( t o  1 . 3 8  m /gni) 

0 occur:s because o f  t h e  decomp3sitj.on a t  1 1 0  C .  [ 3 ]  A s  a l r e a d y  

no ted  i n  a p rev ious  r e p o r t  [ l ] ,  a c rys t -a1  of  Ag 0 * NO3 
- 7 8 

o r i g i n a l l y  weighing 0.1323 gm o r  9 8  x rnol Ag l o s t  

-5  
15.6 x 1 0  mol Ag i n  t h e  f i r s t  6 .5  h r  l e a c h  a t  ~ O O ' C ,  followed 

by a l o s s  of 4 x lo - '  i n  t h e  second 0 . 5  h r  l e a c h .  After a loss 

of  1 . 2  x rnol' Ag i n  t h e  t h i r d  l e a c h ,  a t o t a l  of  2 1 %  of 

t h e  s i l v e r  had been removed i n  1 . 5  h r .  Th i s  r e a c t i o n  rate i s  

very  g r e a t  f o r  a s o l i d  subs tance  a t  ~ O O ' C ,  i . e . ,  when compared 

w i t h  o x i d a t i o n  o r  corrosi .on r a t e s .  The l n i t i a l  subs tance  w a s  

a s i n g l e  c r y s t a l  of  Ag708 * NO3 approximately  2 cm long  and 

0 .1  cm x 0 . 1  cm squa re .  Thus, a  l o s s  of 1 4 . 3 %  i s  expected i: 

t h e  Ag a s s o c i a t e d  wi th  t h e  n i t r a t e  i o n  i s  leached  complete ly  

from t h e  c r y s t a l ,  i n  f a i r  agreement w i t h  t h e  a c t u a l l y  found 21%. 

However, t h e  l a r g e  r e a c t i o n  r a t e  imp l i e s  some t y p e  of  micro 

channe l  s t r u c t u r e  f o r  t h e  Ag708 NO3 c r y s t a l .  

The slow e q u i l i b r a t i o n  of t h e  kryp ton  used i n  t h e  B,E,T, 

s tudy  a l s o  h i n t s  a t  mic roporos i ty .  The B . E . T .  e q u i v a l e n t  

p a r t i c l e  s i z e ,  which i s  roughly one thousand t i m e s  sma l l e r  t h a n  



t h e  a c t u a l  c r y s t a l - ,  a l s o  s u y g e s t s  a n  i n t e r n a l  p o r o s i t y  and. 

n o t  a  s u r f a c e  roughness e f f e c t .  S i l v e r  p c r o x y n i t r a t c  i s  

cons idered  as a  cs.gs c l a t h r a t e  s k r u z t u r e  w i t h  an opert crystal 

l a t t i c e ,  b u t  such i n t e r n a l  a r e a  would even bc o r d e r s  of magni- 
2 

t ude  g r e a t e r  t han  t h e  0 . 1  m /gm l e v e l .  C l e a r l y ,  f u r t h e r  work 

i s  needed t o  r e s o l v e  t h i s ~ u n u s u a l  behavior  and whether t h e  

Ago produced by l e a c h i n g  o f  s i l v e r  p e r o x y n i t r a t e  may be used 

f o r  de f ined  a r e a  e l e c t r o d e  s t u d i e s  o r  p o s s i b l y  f o r  a c t i v e  

b a t t e r y  p o s i t i v e  m a t e r i a l .  
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2. Mass T r a n s ~ o r t  

2 .1  Membrane Permeation --- 

2.1 .1  Experircnntal "--  

The r o t a t i n g  membrane a p p a r a t u s  d e s c r i b e d  i n  p rev ious  

r e p o r t s  was used t o  de te rmine  t h e  permeation of z i n c a t e  i o n  

( i n  4 0 %  KOII) a t  v a r i o u s  tempera tures  and f o r  v a r i o u s  con- 

c e n t r a t i o n  d i f f e r e n c e s .  A 100 m l  dose of 0.8M Zn0/40% KOEI 

s o l u t i o n  was in t roduced  i n t o  t h e  f i r s t  compartment a t  z e r o  

t ime i n s t c a d  of  5 0  m l  of O,4M ZnO used p r e v i o u s l y ,  so  t h a t  a 

l a r g e r  s t e p  change of  z i n c  c o n c e n t r a t i o n  could be d e t e c t e d  

us ing  a tomic a b s o r p t i o n  ~ne thods .  The t i n e  r e q u i r e d  t o  inject 

1 0 0  m l  of s o l u t i o n  i n t o  t h e  f i r s t  compartment was about  20 

seconds.  For a  g iven  c o n c e n t r a t i o n  i n  t h e  f i r s t  compartrnenL, 

permeation proceeded f o r  3 0  minutes .  Sanple:; were t aken  f r o m  

t h e  second compartment a t  2 minute i n t e r v a l s  ( s t a r t e d  from 

zero  t ime)  i n  t h e  f i r s t  6 minutes  and then  a t  i n t e r v a l s  of 

5 minut.es f o r  t h e  r e s t  of  t h e  run .  Samples (1 m3) were also 

taken from t h e  f i r s t  compartment from which t h e  s t e p  change 

of  c o n c e n t r a t i o n  can he determined.  For  each t empera tu re ,  

p e r m e a b i l i t i e s  were examined f o r  t h r e e  d i f f e r e n t  z i n c  concen- 

t r a t i o n s  i n  a  s i n g l e  run  by us ing  t h e  impulse response  

technique  a s  d e s c r i b e d  i n  t h e  prev ious  r e p o r t  [ 91  a s  f a r  as 

no leakage  had occu r red  and t h e  tempera ture  c o n t r o l  was wit!lin 

a 0 . 5 ' ~ .  A Ke i th l ey  d i g i t a l  mul t imete r  was used t o  r eco rd  t h e  

o u t p u t  of a  chromel-alumel thermocouple which was i n s t a l l e d  

c l o s e  t o  t h e  membrane. 



2 . 1 , 2  R e s u l t s  -- 
P e r m e a b i l i  t i c s  o f  z i n c  t h r o u g h  a n  a c r y l  i c - - a c i d  grafted, 

d i v i n y l b e n z e n e  c r o s s - l i n k e d  p o l y e t h y l e n e  membrane have been 

examined a t  t e m p e r a t u r e s  of  l l o c ,  1 7 O ~ ,  21 . .5 '~  and 2 7 ' ~ .  

F i g u r e s  1, 2 ,  3 and 4 ( s e e  Sec .  2 . 1 . 6 . 1  ) g i v e  the conc:ent ra t inn  

o f  z i n c  i n  t h e  second and f i r s t  compartments d u r i n g  a r u n  

u s i n g  t h e  s t e p  r e s p o n s e  ter:l.lni(jue. F i g u r e s  1 and 3 shor7 o n l y  

a  p a r t  o f  a comple te  r u n ,  due  t o  t h e  o c c u r r e n c e  o f  a  leakasje 

f o r  t h e  l l O c  r u n  and t o  t b c  f a i l u r e  of c o o l j - n g - v a t e r  pump f o r  

t h e  2 7 ' ~  c a s e .  For  t h e  1 7 ' ~  and 21-. 5 ' ~  r u n s ,  d a t a  f o r  three 

d i f f e r e n t  c o n c e n t r a t i o n s  w e r e  o b t a i n e d .  D i s c o n t i n u i t y  i n  slor)c 

of t h e  second ( e x i t )  comportment c o n c e n t r a t i o n  vs. t i m e  C O ~ ~ C > F K \ ~ > ~ ~ ( ? _ P  

t o  a s t e p  i n c r e a s e  i n  z i n c  c o n c e n t r a t i o n  i n  t h e  f i r s t  (input) 

corapar trncnt . Thc Zn c o n c c n t - r a t i o n  change i n  t h e  f i r s t  coi-fil )art- 

4 4 
mcnt r a n g c s  from 2 . 4 5  x  10  t o  3 .75  x 1 0  )ig/ml and t h e  concen- 

t r a t i o n  i n  t h e  second compartment changes  from 2.54 to 62 pg/rI 

i n  a 1 . 5  hour  r u n .  The r a n g e  o f  f l u c t u a t i o n  of t h e  r ead j  nc;? 

from t h e  AA-120 a t o m i c  a b s o r p t i o n  s p e c t r o p h o t o m e t e r  is a l s o  

shown i n  t h e  f i g u r e s .  F i g u r c s  5 ,  6 ,  7  and 8 a r e  p l o t s  of 

v s .  ( t  - to) 

a s  s u g g e s t e d  by t h e  a n a l y s i s  i n  t h e  p r e v i o u s  r e p o r t  [ R e f -  9 ,  

Sec .  2 .1 .1 .21 .  The s t r a i g h t  l i n e  f i t t i n y  t o  t h e  data poin-cs 

was made by l e a s t  s q u a r e s  a n a l y s i s .  The c o r r e l a t i o n  f a c t o r s  

f o r  a l l  s - L r a i g h t  l i n e s  a r c  g r e a t e r  t h a n  0 .995,  which shows 



the o:cel . lent  f i t t i n g  of the d a t a  by a s t r n j y l l t r  l i n e .  From 

t h e  s l o p e  of t h e s e  :;traiglll; l i n e s ,  t h e  o v c ~  a l l  permeation 

c o e f f j c i c n t  through t h e  mcmbi-cine arid thc. hou1:dary layers 

imlncdiately acl j scent t o  t 11c rr~ernbr2.n~ c;ill he c a l c u l a t e d .  The 

r e s u l t s  a r e  t a b u l a t e d  i n  'Jial>Le I .  The permcation coef f ic:i e n t  s 

i n c r e a s e  with t h e  tempern turc  tu.L do n o t  va ry  much wi th  t h e  

c o n c e n t r a t i o n  f o r  a g iven  temper'1t:ure. No d e f i n i t e  e f f e c t  oi 

t h e  c o n c e n t r a t j o n  on t h e  permeation c o e f f i c i e n t  can he s e e n ,  

Tfie c o e f f i c i e n t s  a t  1 7 ' ~  and 2 1 . 5 ' ~  clecreasc w i t h  thc coneen- 

t r a t i o n  f i r s t  and t h e n  i n c r e a s e ,  Luk t h e  c o e f f i c i e n t  a t  27'~ 

i n c r e a s e s  wi th  c o n c e n t r a t i o n .  Thcse d e v i a t i o n s  may he due t o  

exper imenta l  e r r o r .  An average  va lue  i s  a p p r o p r i a t e  t o  represcknt  

t h e  permeation coe f f i c i . cn t  a t  any p a r t i c u l a r  t empera tu re ,  

2.1.3 Measurement -- of  -- Mcn~hranc -- -- -- -- Thi -- - - - ckness - - - - .- - . - - 

Since  t h e  mass t r a n s f e r  c o e f f i c i e n t  of t h e  membrane i s  the 

produc t  of  t h e  permeation c o e f f i c i e n t  and t h e  membrane t h i c k -  

n e s s ,  a technique  u t i l i z i n g  a  microscope was developed t o  

i n v e s t i g a t e  p r e c i s e l y  t h e  t h i c k n e s s  of  a wet ,  swol len men~lctrane 

w i thou t  a c t u a l  c o n t a c t .  The membrane was soaked i n  4 0 %  KOH, 

0.2M Zn0/40% ROH,  0.4M Zn0/40% KOH and 0.6M Zn0/40% KO13 a t  

2 5 ' ~  r e s p e c t i v e l y  f o r  a t  l e a s t  one day b e f o r e  i t s  t h i c k n e s s  

was measured. A p i e c e  of  o p t i c a l l y  f l a t  g l a s s  marked with 

b lack  i n k  on bo th  s i d e s  was used t o  c a l i b r a t e  t h e  microscope 

h e i g h t  measurement. By focus ing  t h e  microscope on t h e  bottom 

and t o p  s u r f a c e s  of t h e  g l a s s  p l a t e ,  the s c a l e  r ead ing  on  the 

h e i g h t  a d j u s t i n g  knob of t h e  microscope corresponding t o  t h e  

t h i c k n e s s  o f  t h e  g l a s s  p l a t e  (measured by micrometer t o  0 , 0 0 0 1  



T a b l e  I 

P e r n i e c t L i l i  ty I 'a r~imeters  , Polyeth: , r l .~?a~e Separator 

Slope of lines as 
$'c x pg/ml s tiown j-11 I p j  s . 5 

5 0  
I; x LO ,em/scc 

5 ,  6 , 7 7 ,  8 
x 1 0  

w i i c r e  

5 0  
= Concent ra t ion  of z i n c  i n  t h e  first compartment 

K '= O v e r a l l  permeation c o e f f i c i e n t  



inch) was noted. To measure the thickness of the wet membrane, 

the microscope was focused on the top surface of the glass 

plate and on the top surface of the wet membrane placed on the 

glass plate. At a magnification of 262.5, ten scale divisi~ns 

of the height knob corresponded to 0.001 inch. The dry membrane 

thickness was measured by mtcrorneter to he 0.0011 inch. The 

thickness of the vet membrane was 0.00204 inch at ~ s ' c ,  which 

was about 82% thicker than the dry membrane. The concentration 

of ZnO in 40% KO13 did not produce any change in the thickness 

of the membrane. This result is helpful, since it implies t h ~ > . t  

there will bc no unequal cx2ansion of a membrane t?rhich has a 

concentration gradient of zincate ion during active permeation 

in the apparatus. Investigation of the wet membrane thickness 

as a function of temperature is eurrelltly under way. By Ecno~-~ing 

the thickness at each temperature, the ion d-iffusivity in thc 

membrane may be computed from the permeation coefficient (see 

Sec. 2.1.5). From the temperature dependence of the diffusion 

coefficient, it is possible to compute the energy of activaticn 

for the diffusion of zincate ion through the membranc for 

comparison with predictions of various transport models. These 

will be given in the next report. , 

2.1.4 Cal-culation of the Mass -Transfer Coeff ici-ent in the --. - - ---- - -_-. ' ' - 7  -- - 
Boundary Layer -- 

The theoretical basis for the hydrodynamics of the 

rotating disc system is well known. The equations for the 

conservation of momentum and mass expressed in cylindrical 

coordinates are given by Schlichting [I] . Von Karman [21 (31 



introduced a  s i m i l . a r i t y  t r a n s f o r m a t i o n  which a.llows one t o  

cor tvc r t  t h e  p a r t i a l  d i f f e r e n t i . a . 1  equa t i .ons  t o  a set: of  

o r d i n a r y  d i f  f e r c n t i n l  e y u z t i o n s .  Sera.d [ d l  u sed  a n  a n a l o g  

computer  t o  s o l v e  t h e  set  o f  e q u a t i o n s  w i t 1 1  l i igh S c h ~ i ~ i d t  nu.mher 

and found t h e  mass t r a n s f e r  c o r r e l a t i o n  o f  Sherwood number and 

Reynolds nurnber, Schmidt  number, as 

K = mass t r a n s f e r  c o e f f i c i e n t  t h r o u g h  t h e  boundary l a y v r  
b 

r = r a d i u s  

D - d i L i u s i v i l y  of L l ~ e  l i q u i i l  

w = r o t a t i o r l a l  speed 

v = k i n e m a t i c  v i s c o s i t y  

Smikh [ 5 ] ,  w i t h  a  r o t a t i n g  membrane d i s c  sys tem s i m i l a r  t o  

t h c  p r e s e n t  a p p a r a t u s ,  i n v e s t i g a t e d  the w c l l - s t u d i e d  d i s s o l u t i o n  

of  p r e s s e d  b e n z o i c  a c i d  i n  w a t e r .  I I e  coizfirrned t h e  t h e o r e t i c a i  

p r e d i c t i o n  (Eqn. 1) f o r  t h e  l a r g e  t a n k s  sys tem w i t h  s t i . r r i r ? g  

b u t  found t h a t  t h e  c o e f f i c i e n t  s h o u l d  be 0 . 5 4 4  i n s t e a d  of 

0.62 f o r  s m a l l  t a n k s .  One may t h u s  p r e - c a l c u l a t e  t h e  Inass 

t r a n s f e r  c o e f f i c i e n t  f o r  t h e  l i q u i d  t h r o u g h  t h e  boundary Layer  

by knowing t h e  r o t a t i n g  speed  o f  t h e  d i s c  a s  w e l l  a s  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h e  l i q u i d .  

The d e n s i t y  and v i s c o s i t y  o f  a I(0I-I--11.0 s y s t ~ m  a t  temperatures 
2 



of  25'~ ant2 7 5 O c  llave hclcn i : c . ~ ~ ~ x l : c ~ J  I J ~  KLochl:.o alld !:c?dnevil [Gj . 

L>j.rItse [ ' I ]  has  rcpo.r--tc:cJ. .khcr c!cn:-;:i_i:y cl~ld V.~.SC:OC;:~:~.Y 01:' sat.~.il:cited 

s o l u t i o n s  of ZnO i n  aqueous KOM a t  2 5 ' ~ .  Usin<] t.he sI.>arsc 

d a t a  f o r  t h e  proy.,r;rt.ics of %;nO/l:OI:--11, 0 s o l u t i o n s ,  a.rtd asctrmincj 
2 

t h a t  t h e  dcrisi.ty and. the v~.:~c.!os.i.ty vt2.r~ l.i.nea~:ly wi.t.h the- 

cante r i t  of z i n c  i n  t11e uguenus KO11 s o l u t i o n  alld, f!ur.C-.l~er, t - h a t  

t hey  do n o t  change ve ry  rnucll i n  tlle i-,ernj>erature range of 1.1 to 

2 7 O ~ ,  it has  been possible t o  app1.y E q n .  1. A sample ea l .cu la t io i i  

of t h e  mass t r a n s f e r  coefI:i.c:<-c!nt i n  t.he 15.qui.6 i s  g iven  i ~ i  "i;hc 

Appendix (Sec.  2 . l . 6 . l )  f o r  a r.otat.ing s~-)et2ct of 2 1 . 5  r . p , l n .  

Since  mcasu.rement of t h e  d i . f % u s i v i t y  of z i~ i ca t c :  i o n  i n  40% I<Of! 

s o l u t i o n  i s  s t i l l  underwa.~,  no e x a c t  va lue  of d i f f u s i v i - t y  i s  

a v a i l a b l e .  However, a goocl approximation may bc based on t!le 

- I- 
va lue  of  5 .3  x crn2 s c c  f o r  t h e  d i f f u s i v i t y  of zincate 

i o n  i n  a 0.25M Zn0/23.4 w t 8  E:OfI s o l u t i o n  found hy Lu [ 8 ]  [LO] 

-6 2 
us ing  a  r o t a t i n g  d i s c  e l e c t r o d e  method. The va lue  5 . 1  x 10 en / S L @  

0 a t  25 C i s  used f o r  t h e  p r e s e n t  c a l c u l a t i o n  of t h e  m a s s  t r a n s f e r  

c o e f f i c i e n t  by a d j u s t i n g  L u ' s  r e s u l t  f o r  t h e  v i s c o s i t y  of  the 

4 0 %  KOH s o l u t i o n .  Table  11: c o n t a i n s  t h e  r e s u l t s  calculated f o r  

t h e  c o e f f i c i e n t s  through t h e  boundary l a y e r  i n  t h e  f i r s t  

compartment. The mass t r a n s f e r  c o e f f i c i . c n t s  i n  t h e  second 

compartment do n o t  very because t h e  concent ra t - ion  of z i n c  i s  so 

smal l  t h a t  t h e  t r a n s p o r t  p r o p e r t i e s  of 4 0 %  KOH should be used, 

The va lue  i s  g iven  a t  t h e  bottom of  Table  11. 

2.1.5 C a l c u l a t i o n  o f  Membrane Mass T r a n s f e r  C o e f f i c i e n t  - - .  - - .---.-.--.--- ., . 

The o v e r a l l  measured c o e f f i c i e n t  ( s e e  Table  I )  i s  re la ted  

t o  t h e  membrane pe rmeab i l i t y  by t h e  r e l a t i o n  



if the c?:luilil.)rium k-)i;.:i-i:ition cocrlffi.cierr.t: he tween  the .l.icyu.3..d 

interfacial. conecntrcl.t:ion and t.hc:! rnerubrane j.nterf'acrial. con.. 

* 
centra.tion is assu111ed to be unity, i. e. , C:m --- Cm , 't.:llcre 

Cm = 1,iquid concc;~?tration just at .the mcmhrane-liquid 

interface 
* 

Cm = Membrane conc.entra.tj.cl~~ just at the rnemhrcnc-1iqui.iI 

interface. 

- T h e  permea.17ion coefficient of the n1.ernhrane can t1ierefo1:e he 

calculated from the measured overal-1 permeation cocfficic:nt ar1c3. 

the mass transfer coefficients through the boundary layers, The 

correction for the liyu.id boundary layers is a n,cn-neyliqiL1e 

10%. Assurnj.ncj the thiclcnc:;~ of the wet rnc?mlra.nc cioes not chartye 

w i t h i n  the -Leli~perat-ure 1aiiy.e iii: 13. to 2 7 " ~  and using the vsl-ilc 

obtained at 2 5 ' ~ ,  the mass transfer coefficient, i . e , ,  effective 

diff usi.vi ty, can therefore be calculated by multiplying the 

membrane.permeation coefficient by the wet membrane thickness, 

The results are shown in Table 1x1. Average values of the 

effective diffusion coefficients for each temperature arc sl?o\in 

in the last column of Table 111 to be on the order of 

-7 2 10 cm sec-l. More refined calculation awaits determination 

of wet membrane thickness. Further improvement of the eornputa- 

tion will also depend on yet to be determined free liquid 

diffusivity of zincate ion as a function of temperature and 

concentration. However, as a first approximation, the d j - f f u s i v i t y  

of zincate ion in the membrane is less than the free liquid 
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L i q u i d  F i lm R e s i s t a n c e  P a r a m c ~ t e r s  

where 

p = D e n s i t y  

p = V i s c o s i t y  

r = Radius  of t h e  r o t a t i n g  membrane 

w = Angular  v e l o c i t y  of t h e  r o t a t i n g  membrane 

D = D i f f u s i v i t y  o f  z i n c  i n  40% KOM s o l u t i o n  

K = Permea t ion  c o e f f i c i e n t  of z i n c  t l i rouyh t h e  boundary 
bl 

l a y e r  i n  t h e  f i r s t  compartment 

5 3 2  
= Permea t ion  c o e f f i c i e n t  of z i n c  t h r o u g h  t h e  boundary 

l a y e r  i n  t h e  second compartment 



diffusivity by a factor of about forty. On -Ale basis of the 

data in Table 111, the activation energy is rouqhly cstimatcd 

as 6.6 Kcal per mol., in reasonable agreement with typical 

activation energies for aqueous ion diffusivity. Further 

hypotheses conccrlling models of mernbrane-ion interaction must 

await data for the membrane thickness and free liquid diffusivity 

of zincate va . temperature. 



where 

Km = Permeation coekf i -c ien t  of z i n c a t e  th rough  membrane 

Dm 7 Dif fus ion  coef f . i c i e n t  of zri- i~cate through memhlrane 



2.1.6 Appendices ----. ---- 
2 . 1 . 6 . 1  Sample Cal.cul.a-i;i.on o f  t h e  Pcrn~nat.i.on Cocffici .c:n-t  - - - ..-. __ --^- __- _____C_,___._ - -- .---. --__ __-___- 

i.n t h c  ~ , l c~urZl -  -- -- -.--. -L 

The l i c ju id  pc!r~rication coeEiTiciei~l:  i s c:al c1.1.ated f r o ~ ~ ;  

Eqn. 2 ,  Sec.  2 .1 .5  w i t h  c o c f Z i c i e n t  0 . 5 4 4  inst-.e<!d of 0 . 6 2 ,  

To c a l c u l z t e  t h e  pe rmea t ion  c o e f f i c i e n t  of z i ~ l c  t h r o u g h  khe 

boundary l a y e r  i n  t.hc f i r s t  co~upartmerrt  a t  t c m p c r a t u r e  1'7'~ 

4 
and C10 = 1.845 x 1 0  pg/ml, t h e  d e n s i t y  o f  t h e  s o l u t i o n  i-s 

assumed f i r s t  and t h e  w t %  o f  Zn i n  4 0 %  KO14 aqueous solution 

i s  c a l c u l a t e d .  

3 
Assume p = 1 .42  g/cm , t h e n  

By c h e c k i n g  t h e  d e n s i t y  o f  t h e  s o l u t i o n  a t  t h i s  wt8 o f  Zn f r o m  

a v a i l a b l e  d a t a  and  t h e n  c a l c u l a t i n g  t h e  w t %  o f  Zn i n  t h e  solution 

a g a i n ,  one  c a n  f i n d  t h e  e x a c t  d e n s i t y  o f  t h e  s o l u t i o n .  The 

v i s c o s i t y  o f  t h e  s o l u t i o n  c a n  a l s o  be  found a f t e r  t h e  w t %  Zn 

i n  t h e  s o l u t i o n  i s  known. For t h e  s o l u t i o n  o f  17Oc and 



4 
C10 = 1 . 8 4 5  x 1 0  ug/rnl, thc d e n s i t y  j.s 1 . 4 2  c ~ / c r n ~  and t h e  

v i s c o s i t y  is 4.36 cp. 

and 
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The d i f f u s i o n  of e l e c t r o l y i = e  from ;i c a p i l l a r y  t o  a n  

e x t c r n a l  bu lk  s o l u t i o n  as shown i l l  F igu re  9 i s  governed by 

the fo l lowing  d i f f e r e n t i a l  equat i .ons :  

(1) I n  t h e  r eg ion  0 X <  L ,  t h e  d i f f u s i o n  i s  assurncd t o  

be one d imens iona l ,  so 

The boundary c o n d i t i o n  i s  

The i n i t i a l  c o n d i t i o n  i s  



(2) 111 t h e  rc?cj.S.o!,~ X > L ,  t .hc dj.ffizsion rnay 1-~c tl.irce 

di.merisi.ona1 for 110 fl-ov: beyond X = I,, o r  one 

dj.mensiofia1. for f l ow su r f  icieni-; to rvairi.L.ain a ?,p.cx-o 

concent ra t . ion  a t  X = L .  Only tlie t h r ee  di.~nens:i_or~al. 

d i f f u s i o n  model. w i l l .  be corisi.dcrcd. T h e  three 

dimensional  vcrsj-on of F i cks  second law (khe 

di .ff  usiori ec.~u.itti on)  j s 

The boundary c:ondition f o r  t h e  three din;ens ional  

r eg ion  beyond t h e  c a p i l l a r y  mouth a t  X - L is 

c = O  a s  x -& rn, y + w ,  z -+ and t 2 0 .  [Eqra ,  51 

The i n i t i a l  cc)nditi.on i s  

c = O  a s  x >  L a n d  t = 0 ,  [Eqn ,  61 

cor responding  t o  a r e g i o n  i n i t i a l l y  f r e e  of d i f f u s a n t ,  

( 3 )  . A t  t h e  junctiorl  between one and t h r e e  dimensional 

r e g i o n s  a t  t h e  mouth of t h e  c a p i l l a r y  (X = L ) ,  c q u z ~ l i t y  

of f l u x e s  g i v e s  

The s u b s c r i p t s  1 and 3 i n d i c a t e  one dimensional  and 
1 

t h r e e  dimensional  r e g i o n s  r e s p e c t i v e l y .  

Equa t ions  1 t o  7 may be w r i t t e n  i n  non-dimensional form 

by d e f i n i n g  t h e  fo l lowing  parameters :  



where 

c = c o n c e n t r a t i o n  of d i f f u s a n t  

c = i n i t i a l  c o n c e n t r a t i o n  of d i f f u s a n t  i n s i d e  t h e  
0 

c a p i l l a r y  

L = l e n g t h  of t h e  c a p i l l a r y  

D = d i f f u s i v i t y  of d i f f u s a n t  

t = t ime 

Then, i n  t h e  r eq ion  0 ?-I < 1 wherc one dj.mensi.ona1 d i f f u s i o a ,  

e x i s t s ,  

The zero i l u x  boundciry c o n d i t i o n  a t  t h e  c l o s e d  elzci (X = Oj of 

thc c a p i l l a r y  becomes 

The i n i t i a l  c o n d i t i o n  i s  

I n  t h e  r eq ion  of t h r c e  dilnensional  d.iffus.j.on, T-I v 1. 

a 4  2 - - Z Z  a 2 ,  +-$ a 2 4  
a-r - 2 

The boundary c o n d i t i o n  i n  Eqn. 5 becones 

@ = 0 a t  ?-I + a, 5 + a, 6 = w r  and -r 2 0 [ ~ q ~ .  121 

Eqn,  7 becomes 

[Eqn. 131 

3 a t r ) = l ,  [ = O ,  f j - 0  

and -i L 0 



Eqn. 1 4  i n d i c a t e s  symmetry of d i f  ivs.i.c)rl pe r l ?c i~d icu la r  k c )  C h e  

a x i s  of t h e  c a p i l l a r y .  

84) = 0, - --.- a @  - - 0 a t  5 = 0,  P = 0 ,  - c > -  0 and 7 1 ,  i, 
a <  a e 

The i n i t i a l  c o n d i t i o n  of Eqn, 6 becomes 

2 . 2 . 2  F i n i t e  D i f f e r ~ n c e  C ( i u ~ ~ t i o r ~ ~  - - _  __-_ 
An e x p l i c i t  lorm of the f i n i t e  dif1e1:encc equa t ion  !.as 

uscd t o  r e p r e s e n t  t h e  equa t ions  formulated i n  Sec.  2.2.1, 
%I) 

< I n  t h e  one dimensional  d i f f u s i o n  r e g i o n ,  0 5 rl , 1, 

Eqn. 1 6  a p p l i e s :  

@ i , l , 1 , 0  = 1 ( i n i t i a l  c o n d i t i o n )  [E:qn, 181 

I n  t h e  three dimensional  d i f f u s i o n  r e g i o n ,  q > 1, 

< 0 - 5 5 w ,  0  5 6 5 W, w e  have 



4) -* = (1..2Al - 2A2 - Z h 3 )  a ) i  , ,k,n 
I. , J , k , n-t- 1 + (+i--l, j f ~ j n  -I 

Boundary c o n d i t i o n s  a re :  

I n i t i a l  c o n d i t i o n  i s :  

I. 
(li -- 

I J  ? k i n  = 0  as *C =5 0,  i > --.-- 0  < j 5 C O f  0 < k 5 V), 

arl 

[~c f i -1 .  23j 

Suppose A1, 2 ,  3 a r e  chosen e q u a l ,  t h e n  a t  t h e  

j u n c t i o n  be tween  one and t h r e e  d i m c n s i o n a l  r e g i o n s ,  i , e , ,  

1 i = -  o r  i = M ,  w e  have  
A n  

- 
@ ~ , l , l , n + l  - @ ~ , l , l ; n  "[%-kl12,2,n - 2 @ ~ , l , l f n  + + ~ - l ~ l , l ~ n :  

[ ~ q n .  2.161 

where : 

i = i n d e x  f o r  t h e  s t e p  movement i n  x  d i r e c t i o n  

j = 11 11 II II II 11 II II  Y 

k = '" 11 !I II I* 11 " z " $1 

n = t i m e  



A T  = s t c p  incx-emerlt i n  t i i n n  

A,  = I t  I f  " x d i r e c t i o n  

~p = I' I t  I t  " y d i r e c t i o n  

A <  = " 11 I 1  " z d i r e c t i o n  

M --- - -- 1 : nurnbcr of c i i l c u l a t i ~ ~ ~ ~  i n  t h e  c a ~ . ) i l _ l a r y  

A r l  

Sununary of t he  f i n i t e  d i f f e r e n c e  equa t ions :  

f o r  M > i 2. 2 [Cqn, 252 



2@i 2,1,n + 2 m i f 1 , 2 , n  1 f o r  j = 1, k = 1 [Eq-n,  281 

2 . 2 . 3  R e s u l t s  and D i s c u s s i o n  _ _ _ -  - ---I- 
The above f i n i t e  d i f f e r e n c e  eyuat ioz is  (Eqn. 1 7 ,  25-30)  

w e r e  s o l v e d  on a  d i g i t a l  computer  t o  determine t h e  r e s i d u a l  

amouni o f  d i f f u s a n t  i n  t h e  c a p i l l a r y  a s  a  f u n c t i o n  of t i m e  

and d i f f u s i o n  c o e f f i c i e n t .  T h e  f i n i t e  d i . f f c r c n c e  e q u a t i o n s  

f o r  one  dimensi.ona1 and two dir!~ens:i.onal d.j.f:Cusion from a  

v i r t u a l  s l o t  o u t  i n t o  t h e  s t a t i . o n a r y  bull: s o l u t i o r l  

w e r e  a l s o  s o l v e d  on t h e  computer .  .A n u n ~ e r i c a l  s o l u t i o n  f o r  

t h e  d i f f u s i o n  from t h e  c a p i l l a r y  w i t h  f l u i d  flo\tT o v e r  t h e  

mouth t o  m a i n t a i n  z e r o  boundary c o n d i t i o n  was s o l v e d  and 

compared t o  t h e  a n a l y t i c a l  s o l u t i o n .  The r e s u l t s  a r e  shown 

i n  F i g u r e  1 0 .  The e x c e l l e n t  agreement  between t h e  a n a l y t i c a l  

and t h e  n u m e r i c a l  s o l u t i o n s  f o r  d i f f u s i o n  w i t h  z e r o  boundary 

c o n d i t i o n  s l low t h e  adequacy o f  t h e  n u m e r i c a l  scheme and i t s  

s t a b i l i t y  w i t h  t h e  chosen s t e p  s i z e .  The same s t e p  s i z e  

(53 )  



u s c d  t h r o u g h o u t  the coinputat.ioll, 'i'he curve:; f o r  cij.f %u.r;i.on r.;j.l-l? 

s t i r r i n g  and f o r  one  d imc~is iona l .  diffUs.i .on o ~ i t h o u t  s t j - r r i n y  

became t h e  lower  and upper  ho~~rlcls  f o r  a l l  s o l u t i o n s .  :Cn tllc 

s h o r t  t i m e  r e g i o n  (T < 0 . 5 )  , d i f f u s i o n  vrri."ch s t i r r i n g  w a s  al-mut. 

f o u r  t i m e s  f a s t e r  t h a n  t h a t  f o r  one dirnc;:nsional di.ffusj. .on w i t l l o u t  

s t i r r i n g .  The d i f f u s i o n  r a k e  f o r  t h r e e  d imens io r~ ; i l  d i f  fur;:i on 

i s  a b o u t  1. G times h i g h e r  th;:.n f o r  one .  d imensior~al .  d i f  fusj-0x1 i n  

t h e  s h o r t  t i m e  r e g i o n  and ab0u.L 2 . 9  t i m e s  h i g h e r  i ,n t h e  loncj 

time r e g i o n .  A p l o t  o f  t h e  clirnensionle:;~ concer l t ra t . ion  p~:ofl . le  

i n  t h e  c a p i l l a r y  v s .  d i s t a n c e  as a f u n c t i o n  o f  dimensionless 

ti& f o r  t2-lree dimensiona.1 ci_i.ff~lsion ~?rj.t.hout sti.rx:ing and f o ~ :  

d i f f u s i o n  w i t h  s t i r r i n g  i s  shown i n  Fiqu:~:e 11. 

I f  s t i r r i n g  i s  n o t  provridcci t o  sweep away thc? s.cc~i'tmul;;ted 

d i f  f u s a n t  from t h e  c a p i l l a r y  ~nou.th recji.011, t h e  a~nountr. rerr\a:i.n:i r!g 

i n  t h e  c a p i l l a r y  ma17 be anal.jrzcd n r ~ d  incorrectly used i n  tile 

e q u a t i o n  f o r  z e r o  bonndary  c o n d i t i o n  t o  c a l c u l . a t e  t h e  cii.fXus?.on 

c o e f f i c i e n t .  The a p p a r e n t  v a l u c  o f  D so computed w i l l  cle;-i.rl.y 

be less t h a n  t h e  t r u e  v a l u e  of the d i f f u s i o n  c o e f f i c i e n t ,  TI,- a LL_r 

n e g a t i v e  d e v i a t i o n s  a r i s i n g  from misap l ) l . i ca t ion  of  Eqn, 6 ,  

S e z .  2 .  3 . 5  i s  shown i n  Tablc I V  as  a f u n c t i o n  of t-hc EIII C J L ~ L  

of e l e c t r o l y t e  r emain ing  i n  t h e  c a p i l l - a r y  . I f  s u E f i  cielit- t i : ,~e 

i s  a l l o t t e d ,  even w i t h o u t  s t i r r i n g  p a s t  t h e  mouth o f  t h e  

c a p i l l a r y ,  t h e  d i f f u s a n t  must u l t i m a t e l y  d i m i n i s h  t h e  i n i t i a l  

amount i n  t h e  c a p i l l a r y  a n d ,  after a v e r y  l o n g  t i m e ,  it rniqllt  

b e  s u s p e c t e d  t h a t  t h e r e  w i l l  e x i s t  some convergence  o f  thc 

two ex t reme  c a s e s  p r o v i d e d  by s t i r r i n g  and no s t i r r i n g .  Table 1V 

shows t h e  tendency o f  t h i s  approac:h. A p l o t  o f  Dapp/Daet vs, 

Cave/Co i s  g i v e n  i n  F i g u r e  1 2 .  The r a t i o  o f  t h e  a p p a r e n t  



d i f f u s i o n  c o c f f i c i e n t .  t o  t h e  actua.1 di.f f u s i  on  coef f j-cien-t. 

i n c r e a s e s  to.xard u n i t y  a s  t h e  rem;~i.ning mixterial  i n  the 

c a p i l l a r y  dec reases .  I-Iowever , t1.l~: t ime re i ju i red  for this  

convergence is s o  long t11a.t: 1.i.ttJ.e mate r i . a l  remains i n .  "eke 

c a p i l l a r y .  Thu.s, a p r e c i s e  p r e d i c t i o n  oC t h e  d i f f u s i o n  co.- 

e f f i c i e n t  from t h e  measured arnourlt of e l e c t r o l y t e  remaining 5-n. 

t h e  c a p i l l a r y  f o r  n o n - s t i r r i n g  d i f f u s i o n  i s  absolute1.y  

neces sa ry  and an extremely u s e f u l  advance i n  t h e  c a p i l l a r y  

method. With t h e  r e s u l t s  t a b u l a t e d  i n  Table I V ,  i t  i s  poss ib le  

t o  back-cor rec t  d a t a  i n  the 1 i t e r z . t u r e  where Eqn. 6 ,  Scc. 2,3,5 

has  been used i n c o r r e c t l y  w i th  n o - s t i r r i n g .  Also,  an entirely 

novel  and sirnp1.ifie.d exper imenta l  t echn ique  may he designed 

which t o t a l l y  e l i m i n a t e s  t h e  ambigui ty  a s s o c i a t e d  with sti.rring 

and t h e  AR-effect.  A c a p i l . l a r y  with a slight. t empera ture  

g r a d i e n t  ( co ld  bottom) w i l l  he neces sa ry  t o  p reven t  thermal ly- -  

induced convec t ion  f o r  t h e  n o n - s t i r r e d  arrangement.  



Table TV 

* 
Based on Eqn. 6, Sec. 







Cave / G o  



(1) 13. Carnalld.n,, 11. Lui~lier and J. I J i l k e s ,  App l i ed  

Nurilorical. Methods, \,!j.le>r, N e w  York (1.9 64) . 



2 . 3  E l e c t r o l y t e  D i f f u s i v i t y  Measurements --- -- . -- -- 

2.3.1  I n t r o d u c t i o n  

I n  o r d e r  t o  r e l a t e  membrane d i f f u s i v i t j - e s  and a c t i v a t i o n  

e n e r g i e s  t o  s p e c i f i c  membrane models, it i s  necessary  t o  have 

a c c u r a t e  d a t a  f o r  i o n  d i f f u s i v i t i c s  i n  f r e e  l i q u i d .  The 

l i m i t i n g  c u r r e n t  a t  a  z i n c  r o t a t i n g  d i s c  o f f e r e d  t h e  p o s s i -  

b i l i t y  of  de te rmin ing  z i n c a t e  i o n  d i f f u s i v i t y  i n  ROE1 f o r  

s u f f i c i e n t l y  l a r g e  z i n c a t e  c o n c e n t r a t i o n ,  i . e . ,  0.2514 ZnO iii 

5 M  KOH.  [ l ]  However, f o r  lower ZnO c o n c e n t r a t i o n s ,  t h e  disc 

cu r ren t - -vo l t age  curve  was masked by s imul taneous hydrogen 

e v o l u t i o n ,  so  t h a t  it v7as d i f f i c u l t  t o  e v a l u a t e  a  c l e a r - - c u t  

d i f f u s i v i t y .  

The c a p i l l a r y  mctlicd was i n i t i a t e d  j.n t h i s  c o n t r a c t  

a s  a means f o r  de te rmin ing  d i f f u s i v i t y  i i z  a non-el-ectrochcrrrical 

way as a check on t h e  r o t a t i n g  d i s c  methad and a l s o  t o  pro\,ic:c 

a  d i f f u s i v i t y  v a l u e  i n d e p e n d e ~ t  of  e l e c i s i c a l  f i e l d  (rnigra4c3crL 

e f f e c t s ) .  L1etail.s of  t h e  d e s i g n ,  c o n s t r u c t i o n  and ref inement  

of t h e  c z p i l l - a r y  f low channel  raay be found in prev ious  

r e p o r t s .  [ 2 ]  [ 3 ]  

The s a l i e n t  f e a t u r e  of t h e  f low channel  i s  t h e  control3.cd 

low v e l o c i t y  o f  l i q u i d  s t reaming  p a s t  tlie c a ~ j i l l a r y  mouth i n  

o r d e r  t o  reduce t h e  A t -e f f ec t  e r r o r .  A s  i n d i c a t e d  i n  t h e  

prev ious  r e p o r t s ,  t h e  f low v e l o c i t y  was r e q u i r e d  t o  be 

1 .2  x cm/sec f o r  a  c a p i l l a r y  i . d .  of 0 . 2  cm where t h e  

expocted d i f f u s i v i t y  was on t h e  o r d e r  of l o v 5  cm2 s e c .  In order 



t o  chccli t h e  a p p a r a t u s ,  1. ON K C 1  WC>.~.H c11c)s~n siilc,e t h c  i n t e g r a l  
-. 5 1. 

d i f f u s i v i t y  i s  known t o  be 1 . D G  x 1 0  cm2 scc . A run  last l l lq  

65  - 2  hours  was made w i t h  t h e  tcrnpcsctxture main ta ined  a t  25, OOG 3 63,40~, 

The Reynolds numbcr was co r l s t an t l y  n~oni torecl  and a d j u s t e d  t o  

be  w i t h i n  t h e  r ange  0.003 t o  0.03.  Var ious  c a p i l l a r y  l e n g t h s  

w e r e  used t o  i n s u r e  a wide v a r i a t i o n  i n  remainin9 f r a c t i o n  

w i t h i n  t h e  c a p i l l a r y .  C a p i l l a r y  c o n t e n t s  t:ere ana lyzed  by ato-i?ic 

a b s o r p t i o n  methods. The v a l u e  f o r  1:Cl d i f f u s i v i t y  was f o u n d  

0 t o  be 1 . 7 5  50 .05  x crn2 sec- - l  a t  2 5 . 0 ' ~  5 0 . 4  C .  

2 . 3 . 2  C a p i l l a r y  .-- - - -  A PI-acement - - - 

A d i f f u s i o n  run  was s t a r t e d  b 2 7  sl  o/ll>- t u r n i n g  n;7lo11 scrc :F 

whose ends  covered t h e  c d p i l l a r y  mouths. The distilled water 

f lo ta ing i n  the channe l  did. n o t  colnple te ly  fi ll t h e  v c : ~ t i c a l  

dinlension of t i le  channe l ,  so l o c a l  vel o c i t i  c.:; were c o r n p u t ~ d  c i ~  

t h e  b a s i s  of  t h e  a c t u a l  depLh.. A F u l l y  developed larnrinar f-io\/) 

was assumed s o  t h a t  t h e  v e l o c i t y  prof i b e  i n  the h o r i z o n t a l  

d i r e c t i o r l  was cons ide red  t o  be  parallel i c  wi t i 1  maxinlum in t1:c 

c e n t e r  a s  

[Equat ion 1 1  

and t h e  v e l o c i t y  p r o f i l e  i-n t h e  v e r t i c a l  d i r e c t i o n  was t aken  

t o  bc ( a long  t h e  c e n t e r l i n e )  

where D = w a t e r  d e p t h  i n  channe l  

2 W  = channe l  w id th  



Vt = surfac:~: vc3.ocj:i-y ;:.ir: cctxlirer. 3 :i.nc, 

By s ~ ~ b s t i . t . u C i n g  Eqn. 2 i n  Cqr r ,  1 and ir~tc:c;rr;ti.ri<~ t:o oIj.taj.:i 

a n  a v e r a g e  v e l o c i t y ,  tl-ierc rc::ul.ts 

where Q = v o l u n e t r i c  f l o w  rate, ml/scc  

p = d e n s i t y ,  y/cc 

2 A = c r o s s - - s e c t i o n a l  arcs of  the chc?l~rlel., ciil . 
Fillcj.lly, 

By combining E r p .  3 ssld 4 and p u t t i n g  y - 0 . 7 ,  L7 = 2 %  3 ,  % - 1 a 3 

and D = 2.6 cm, f o r  the c a p i l l a r y  a r r t ~ l ~ ~ c l n e n t  i n  t h e  cl-i ' ;i~ni-i. 

onc  o b t a i n s  

where V i s  t h e  v e l o c i t y  o f  t h e  f l u i d  i-n t h e  c h a n n e l  a t  t h c  

mouth o f  t h e  c a p i l l a r j - e s .  I t  shou ld  be n o t e d  t h a t  a l l  rrols.in% 

a r e  a t  t h e  same Z v a l u e  and t h a t  syrrmetry a b o u t  t h e  y  celiierli i lc 

e x i s t s .  

Dur ing  t h e  e x p e r i m e n t a l  r u n ,  t h e  v e l o c i t y  w a s  f a s t  enough 

t o  s a t i s f y  t h e  boundary c o n d i t i o n  o f  z c r o  c o n c e n t . r a t i o n  a t  LIie 

mouth o f  t h e  c a p i l l a r y ,  b u t  s m a l l  enough t o  make t h e  OR-effect 

n e g l i g i b l e .  



2 . 3 .  3 E'1.o~ and Ternpe:rC7 C.u.1-e I.'i:)i!itorj nq __ -l__ - --- - - - -- -- - - .---- -- --- 

The temperature i n  t h e  ca l3 ih la ry  c1ian;lcl ~ a : :  ~laint .ainc>cJ 

a t  2 5 .  O'C r1 0.4'~. Cont inuous  rr!onitoriny !-a:; provi rlcd k 7 . i  t l i  

an  ampl-if iccl s i g n a l  d i s p l a y e d  on a  Bccl.;~nr,n 1005 101rlV I J i l i c c ? r  

Recorder  u s i n g  a coppcu-constan  t a n  (bnrc  mc. i < ~ l )  tllernocou~~lc 

i n s e r t e d  d i ~ e c t l y  i n t o  t41c ca;>j_:lJ a r y  c11a.nl1r.l. An i c e  haj311 ! - ~ ~ . i l - #  

used  a s  a  r e f e r e n c e  ju l l c t ion .  The averacje L-cirlperaturc ~ i a r  i .) - 

t i o n  was no g r e a t e r  than  2 0 . 4 ' ~  o v e r  1 1 1 ~ :  G5 hour i n t e r v a l ,  

A mercury i n  g l a s s  t h c r m o m c t e ~  was usccl f o r  tk,e primary 

t e m p e r a t u r e  mc?asure~nun 'i o f  2 5 . 0 ' ~ .  Col;i-l.-o3 was p r o v i d e d  by 

t h e  c i r c u i t  d e s c r i b e d  in a  p r e v i o u s  I-eport. [ 4 ]  

The f l o w  r a t e  was checked p e r i o d i c a l l y  by d i s c o n n e e i i n ~  

t h e  o u t l e t  t u b i n g  from t h e  c a p i l l a r y  c l l a n n c l  overf lox?  head 

t a n k  and measur ing  (s top--watcl l )  t h e  time t o  c o l l e c t  a 5 t o  

10 m l  sample i l l  a q r a d u a t c d  c y l i n d e r .  I f  t h e  r a t e  was f o u n 2  

t o  b e  less t h a n  0 . 0 1  m l  p e r  second ,  t h e  f low r a t e  w a s  increased 

by a d j u s t i n g  a n e e d l e  v a l v e  i n  t h e  i n l e i  l i n e  of t h e  capillsry 

c h a n n e l .  The f low was checked a t  four- -hour  i l l t e r v a l s  over the 

6 5  hour  t i m e  span  o f  t h e  exper iment  and nevcx exceeded O,OLT\ ml/sec 

c o r r e s p o n d i n g  t o  a  v e l o c i t y  p a s t  t h e  c a p i l l a r y  mouths o f  

2 x cm s e c - I  o r  a  Reynolds number o f  0 .03 .  

2.3 .4  A n a l y s i s  o f  C a p i l l a r y  C o n t e n t s  and S t a n d a r d s  -- -. - ----- -- - - 
T h e  r u n  was t e r m i n a t e d  by t i g h t e n i n g  down t h e  ny lon  

c l o s i n g  s c r e w s ,  d r a i n i n g  t h e  c h a n n e l  and removing t h e  l u e i t e  

c a p i l l a r i e s .  A s  ment ioned p r e v i o u s l y  (Sec. 2 . 3 . l ) ,  t h e  

d i f f e r e n t  c a p i l l a r y  l e n g t h s  were 2 . 5 4 ,  3 . 4 9  and 4 . 4 4  em, and were 



chosen t o  p r o v i d e  a  wide v a r i a t i o n  of dilnerisi 0111 e s s  t i m e ,  1 a c l ~  

c a p i l l a r y  was made wi t i l  a 1/16 i n c h  i . d .  ( 0 . 1 5 8  c m )  and c h c  

volume o f  e a c h  was de te rmi l l ed  by we igh in9  a  mercury coluinn v7h1ch 

f i l l e d  t h e  c a p i l l a r y .  

A f t e r  t h e  r u n  was com;3leted, t h e  c o n t e n t s  o f  e a c h  

c a p i l l a r y  was washed o u t  w i t h  G O  m l  01 d i s t i l l e d  w a t e r  u s i n g  

a 1 0  m l  p l a s t i c  s y r i n g e  w i t h  hypodermic 2 i n c h  n e e d l e ,  The  

d i s t i l l e d  w a t e r  was p r e v i o u s l y  t e s t e d  and found t o  have l e s s  

t h a n  0 . 1  microgram o f  p o t a s s i w n  p e r  m i l l i l i t e r ,  u s i n g  t h e  

V a r i a n  AA-120 a tomic  a b s o r p t i o n  s p e c t r o p b o t o n e t c l - .  The 60 11-1 

e x t r a c t  was f u r t h e r  d i l u t e d  t o  e i t h e r  2 0 0  o r  2 5 0  n i l  exac: t ly ,  

i n c l u d i n g  a l l  washings  from i n t e r m e d i a r y  con4ca lne r s .  F i n ~ i L y ,  

t h e  d i l u t e d  t e s t  samples  were  p l a c e d  I n  2 5 0  m l  wide  mouth 

p o l y e t h y l e n e  b o t t l e s  f o r  u s e  i n  t h e  A&-120. 

S t a n d a r d  s o l u t i o n s  were p r e p a r e d  by  cILlut iny t h e  sai?icb 

s t o c k  1 . O N  K C 1  s o l u t i o n  used  i n  t h e  d i f f u s i v i t y  ruzasurernerits, 

I n  o r d e r  t o  o b t a i n  s p c c t r o p h o t o m e t e r  r e a d i n g s  which were a s  

n e a r l y  l i n e a r  a s  p o s s i b l e ,  two o v e r l a p p i n g  c a l i h r a t j - o n  curvcs 

were  p r e p a r e d  t o  c o v e r  t h e  r a n g e  o f  c o n c e n t r a t i o n s  s t u d i c c i ,  

A Leeds and Nor th rup  Speedomax Recorder  w a s  a t t a c h e d  t o  the 

AA--120 s o  t h a t  t h e  indiv j .dua1 r e p l i c a t e  r e a d i n g s  o f  any 

sample w e r e  o b t a i n e d  and s t o r e d  on a n  e>:l)andecl scale. 

r e a d i n g  o f  a  sample c o n s i s t e d  o f  s n o r k e l i n g  t h e  sample into 

t h e  n e b u l i z e r  f o r  a p p r o x i m a t e l y  10  seconds .  The r e a d i n g  o n  t:e 

r e c o r d e r  p a p e r  appeared  a s  a  f l u c t u a t i n g  l i n e  well. w i t h i n  tL 

a b s o r p t i o n  s c a l e  u n i t .  An avcraged  v a l u z  was based  on a line 

drawn t h r o u g h  t h e  t r a c e .  Complete c a l i b r a t i o n  check r u n s  w L r c  



made both be£ o r e  and a f t e r  a s e s s i o n  o f  capj 1 I a r y  cron'r.crll.s 

a n a l y s e s  i n  o r d e r  t o  moni.t.or any p o s s i b l e  Ak--3.20 cl-~anrjcs d u c  

t o  lamp a g i n g ,  warm-up v a r i a t i o n ,  etc. A typ.i.ca1 S C C ~ I I C ~ I C E :  i , r -  

d e t a i l e d  a s  f o l l o w s :  

(1) AA-120 warmed up f o r  one  h a l f  11ov.r. 

( 2 )  N e b u l i z e r  thoroucj1l.l y c l e a n e d  w i t 1 1  d i  s t i l . l ec i  tv~r"i;eu - 
( 3 )  Machine ad . jus ted  f o r  p o t a s s i u m  reading:;  i n  s u i t s b l e  

p e r c e n t  a b s o r p t i o n  r a n g e ,  t y p i c a l l y  3 . 9 1  t o  9 ,, 77 ]~c_;ni 1; 

p e r  m l  o r  1 .22  t o  4 . 8 9  pgm K pe r  ml. 

(4) S t a n d a r d  s o l u i i o n s  s n o r k e l e d  t e n  t irncs apiect? , l ic .Torc 

a new s t a n d a r d  s o l u t i o n  was snork:elcci, the  ina.chi.no 

was r i n s e d  w i t 1 1  d i s t i X l e d  w a t e r  by s n o r k e l i n g  distj.l.:!.c-ii 

w a t e r  f o r  a b o u t  2 0  seconds .  

( 5 )  Test samples  from var i .ous  capil.lar.-i.es were snuj:2~elleil 

t e n  t i m e s  apicc:c,  r i n s j . n ~ l  machi.nc 1:ith d i s t i l l c z  

w a t e r  between samples  f r o m  d i f f e r e n t  c a p j l l a l - i e s ,  

( 6 )  S t a n d a r d  so2.u-l;.ic;ns were s n o r k e l e d  a g a i n  tcn t-izncr, 

a p i e c e ,  r i n s i n g  tvith d i s t i l l e d  water betsrecn salTlli! c:; . 
The a v e r a g e  v a l u e s  cl1lc1 s t a n d a r d  d e v i a t i o n s  were dc tcli-ini 1 

by u s i n g  a  E l e w l e t t -  Packard  9100A Desl; Gal-culator S t a t i s t ?  cs 

Program P a r t  N o .  09100-7081. C a l i b r a t i o n  c u r v e s  w e r e  f i t t e d  t o  

a s t r a i g h t  l i n e  by u s i n g  a  Hewlet t -Packard  3100A program 

P a r t  No. 09100-70802 ( l e a s t  s q u a r e s  technic lue)  . The l e a s t  

s q u a r e s  r e s u l t s  f o r  t h e  I< s t a n d a r d s  f i t t e d  t h e  s t r a i g h t  Iinc 

e q u a t i o n  

Y = M X + B  [ ~ q u a t . i o n  53 

where Y = p e r c e n t  a b s o r p t i o n ,  AA-120 s c a l e  



X - concentx-aL.i on. ( ~ i j i u  i; i)cr 1113. I1 0) 2 

wit.11 c,xcel.l.c>n-L. ccorrc?.lat:j.on Znci:or  as s h o ~ ~ i ?  i11 7?a}:).l.c I fox 

cal . i .h~: .at ions made w i . t h  s t a n d a r d  s o l u t i o n s  2:,c?fore a s ~ d  a f t e r  

a n a l y s e s  o f  t h e  medi u.nl and l a r g e  l e n g t h  c a p i l l a r i e s .  

L e a s t  Sc~udre  Pari;met:ers for Stclnciarcl 
Calibrai-.:i.ou r:o.t:;i:-;:;i.um Abso~_-ptj.on 

S e r i e s  
P .-.-- - B ,  % aab:;ol:pt. -- - - - . ... . . -- . - - M -.--- - R (correlation -- 

f i a ~  t o r )  
High Range, 1;efox-e --11.822 5.2 '19 0.99698 
a n a l - y s i s  10139, 
med-ium c a p i l  l a r i e s  

A f t e r  -12.34 5 . 2 0 0  0 . 9 9 8 5 4  

Low Range, B e f o r e  - --- -1.282 8.983 0,99837 
a n a l  y s i s ,  slnal.1 
c a p j - l l a r i e s  

A f t e r  -1.50 9 . 0 0 6  O , q C ? ; ? J  

2 . 3 . 5  R e s u l t s  ---- 

~ n a i ~ s i s  o f  c a p i l l a r y  c o n t e n t s  a c c o r d i n g  t o  t h e  s e y u e n c e  

d e s c r i b e d  i n  Sec .  2.3.4 were i r i t c rpo l . a t ed  u s i n g  Eqri .  5 and  -t!lc 

p a r a m e t e r s  shown i n  T a b l e  I .  The a c t u a l  concent . ra . t ion  of the 

c a p i l l a r y  a f t e r  t h e  e x p e r i m e n t a l  r u n  was f i n i s h e d  was deter- 

mined by back c a l c u l a t i n g  from t h e  d i l u t i o n  f a c t o r  o f  e a c h  

c a p i l l a r y  (200 o r  250  m l )  and t h e  volume o f  e a c h  c a p i l l a r y ,  

g i v i n g  t h e  v a l u e  of Cave. The i n i t i a l  c o n c e n t r a t i o n  i s ,  of 

c o u r s e ,  known t o  b e  1 . 0  N K C 1 ,  t h u s  d e t e r m i n i n g  C,,,/Co. 

The comple te  s o l u t i o n  f o r  t h e  a v e r a g e  c o n c e n t r a t i o n  

r e m a i n i n g  i n  t h e  c a p i l l a r y  o f  l e n g t h  L a f t e r  a  t i m e  t of 



d i f f u s i o n  jn a system v;j.t-h tl lc.  horllzdalry cc) i ld i t ion  c)P zero 

conc:c:ntsr;lt.ioli provi.dcd hl7 flow p ~ ~ s t  the c a p i l l a r y  ~ n o u t l ~  is 

-1. where D i s  difia:: ivit ,7,  clri2 s c c  . For  s u f i i c i c n t l y  long t j - y ~ a ,  

i . e . ,  d i m e n s i o n l e s s  time D ~ / L ~  > 0 . 1 ,  a l l  b u t  t h e  first (n - 0) 
t e r m  i n  E q n .  6 may b e  omit:tecl. as ney1 ig ih l . c .  Thus, Eqn, 6 

may be r e a r r a n g e d  t o  give 

2 

D 5= 
7~ Cave 

8 Co 
[Equation 71 

so t h a t  D ,  t h e  i n t e g r a l  d i f f u s i v i t y  c o e f f i c i e n t ,  c a n  l ~ c  corn- 

p u t e d  froin C:ave/~:o. Resu. i ts  ilre sununarizcd i.n Table T I  for 

t h e  two sets o f  c a p i l l a r i e s  used  s i m u l t a n e o u s l y  and f o r  

e a c h  se t  based  on t h e  c a l i b r a t i o n  c u r v e s  de te rmined  before 

and a f t e r  a n a l y s i s  o f  c a p i l l a r y  c o n t e n t s .  For  both s e t  1 and 

2 ( s u b s c r i p t s ) ,  t h e  c a p i l l a r y  d e s i g n a t e d  L was 4 . 4 4  c m  l o n g ,  

M w a s  3 . 4 9  and S was 2.54 cm. 



T a b l e  I1 

D i f f u s i v i t y  Data 
0 . 1 N  K C 1  i n t o  pure  1120, 2 5 . 0  2 0 . 4 ' ~  

C a p i l l a r y  -- Concent ra t ion  of Conccnt ra t i  on i n  'ave ? i 
Di lu t ed  C a p f ~ l l a r y  C a p i l l a r y ,  end oE -.- 2 c 

pym K / m l  H 2 0  run en) 
4 6, pgm R / m l  I1 0 x 1 0  : I . -TIT----T;- -- 2 

Based on f i r s t  c a l i . h r a t i o n  

Based on second ( f i n a l )  c a l i b r a t i o n  

1.913 L - 1 8.450 .489 

M - 1  4.873 1.428 .365 1 ' (  

S - 1 2.067 0 .655  . 1 6 T  3 ,  

L - 2  8.400 1 . 9 2 8  .493 3 . t r  

M - 2  4 . 8 3 6  1.397 .357  I , /  

S - 2  2 . 0 6 9  0.661 .I69 I * / ,  

2.3.6 Discuss ion  --.-.---.-- 

T h e  n a t u r e  of  t h e  hydrodynamic AR-error i s  such a s  t o  

always c o n t r i b u t e  a p o s i t i v e  e r r o r  t o  t h e  d i f f u s i v i t y  m e a s u r e - -  

ment. For t h e  same d i f f u s i o n  t imc ,  t h e  shor t .er  c a p i l l a r y  shou l i i  



be most s u s c e p t i b l e  t o  e r r o r ,  s i n c e  t h e  hydrodynamical.ly 

sb~cpt -ou t  volume i s  t h e  same f o r  a l l  c a p i l l a r y  l e n g t h s .  For 

a  g iven  l e n g t h ,  t h e  AR-.effect c o n t r i b u t e s  most t o  t h o  over-  

e s t i m a t e  o f  D f o r  sma l l  d i f f u s i o n  t ime ,  becoming l e s s  of  an  

e r r o r  a s  exper imenta l  d i f f u s i o n  t ime i n c r e a s e s .  Thus ,  it i s  

noteworthy t h a t  no t r e n d  i s  found bctween t h e  groups L and 2 

o r  between l e n g t h s  i n  any one group f o r  t h e  d a t a  i n  Table 11, 

E r r o r s  a r e  t h u s  cons ide red  t o  be t r u l y  random. Based on 

e a r l y  c a l i b r a t i o n  cu rves ,  the d i f f u s i v i t y  of KC]- i s  1 . 7 8  x 

crn2 s e c - I  w i t h  s t a n d a r d  deviation of 0 . 0 2  x l o w 5 .  On t h e  

b a s i s  o f  f i n a l  ca l j -b ra t ionr , ,  t h e  average d i f f u s i v j - t y  i s  

1 .72 x w i t h  0.03 x lom5 staniiilrd d o v i a t i o n .  The combined 

averagc. va lue  i s  1.75 - tO.Q5 x cln2 seem-l.. On t h e  ba s i s  cf 

d a t a  compil.ed by Iiarned r51,  t h e  differerlCi.sS. 

d i f f u s i v i t y  of  K C 1  a t  2 5 O ~ :  s t a r t s  a t  t h e  ?i.irniti.ng d i l u - t c  

va lue  of 1 . 9 9  x and drops  r a p i d l y  t o  a n~inirnum va1 .u~  8 3  a: 

0.2M, i n c r e a s i n g  t h e r e a f t e r  i.n a  n e a r l y  l i n e a r  f a sh ion  t o  

1 . 8 9 3  a t  1 . O M .  Data i n  t h e  d i l u t e  r e g i o n  up t o  0 .2M were 

obt.ained from c a l c u l a t i o n s  based on c o n d u c t i v i t y  d a t a ,  i v 1 ~ i . Z ~ :  a 

two-compartment diaphragm c e l l  was used f o r  diffusivi . t . i .es  at 

higher  c o n c e n t r a t i o n s .  [5]  The i n t e g r a l  va lue  f o r  K C 1  a t  2 5 " ~  wzr, 

determined by g r a p h i c a l  i n t e g r a t i o n  of Harned ' s  d a t a  as  

1.86 x cm2 s e c - l .  On t h e  wholc, t h e  agreemcnt i s  f a i r ,  

l end ing  c redence  t o  t h e   floe^ channel  method. Ilowever, a s i - r n i l n r  

d iscre l>ancy tras a l s o  no ted  e a r l i e r  i n  t h i s  p r o j e c t  [GI brhere very 



s h o r t  t i m e  ( 4 -  6 h o u r )  c a p i 3  l a r y  r u n s  were ~n;xde with 0 .  ITJ  KC1  

a t  2 5 ' ~ .  The v a l u e  o b t a i n e d ,  1 . 7 9  x cm2 s e c - l ,  was ic:r 

--5 -1 t h a n  t h e  differential d i i f u s i v i l y  of 1 .843  x 1 0  c m 2  scc i7~hd 

most c e r t a i n l y  less t h a n  t h e  i n t e g r a l  d i l I u s i v i t y  frorn O,LN K C 1  

-5 
t o  p u r e  w a t e r ,  es t i r l ia ted  t o  b e  1 .875 x 10 c m 2  scc-'. W l i i l i :  

t h e  m a t h e m a t i c a l  t r e a t m e n t  which l e a d s  t o  Eqn. 6 ,  7  i.s based 

on t h e  assumpt ion  of c o n ~ t a n t  d i f y u s i v i t y ,  t h e  t r u e  c o n c e n t r a t i o n  

dependcrsce may have  t o  be talcen i n t o  a c c o u t ~ t .  However, t h e  

c a p i l l a r y  method l e a d s  t o  a  v a l u e  which i s  c o n s i s t c l l t l y  helo!' 

even t h e  s m a l l e s t  v a l u e  of D i n  t h e  g i v e n  c o n c e n t r a t i o n  r e g i o n ,  

whereas  some a v e r a g e  between t h e  maximum and minimum D shou ld  

b e  e x p e c t e d .  The c a u s e  f o r  t h i s  d i s c r e p a n c y  i s  n o t  known 

and c e r t a i n l y  d e s e r v e s  f u r t h e r  c o n s i d e r a t i o n .  
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